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PREFACE 

This issue, Number 3 of Volume 49, contains those papers presented at 
the Winter Convention, New York City, January 27-31,1930, which were not 
included in the April Quarterly, as well as the papers of the North Eastern 
District Meeting held in Springfield, Massachusetts, May 7-10, 1930. 

The report of the Board of Directors for the fiscal year ending April 30, 
1930 concludes this number. 



Controlling Power Flow with Phase-Shifting 

Equipment* 


BY W. J. 

Associate, 

Synopsis.—In the operation of an electric power distributing 
system involving various kinds of networks , a fundamental neces¬ 
sity is that each transforming and transmitting unit carry a reason¬ 
able share of the total load. In the case of a single system that has 
been developed in a coordinated manner the problem of load divi¬ 
sion has not in general been troublesome and has been solved by 
judicious selection of parallel circuits , use of reactors , proper 
system set-up , etc. The advent of inter-company connections has 
brought together systems of varying characteristics , changed the 
relation between the basic elements involved , and in some 
cases has made difficult the control of power flow over tie 
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lines small in comparison to the systems which they unite. 

It is the -purpose of this paper to discuss the case of load control 
where closed rings or parallel path circuits are involved. After 
briefly reviewing the principles of voUage phase angle and power 
flow, a description is given of some actual tests performed on a very 
large interconnected system with a 250-mi. transmission loop, in¬ 
volving five power companies and a total generator capacity -well over 
1,000,000 kw. The results of these measurements are analyzed for 
the purpose of checking theoretical against actual values and forming 
a basis for the solution of problems of a similar nature. 

***** 


Introduction 

T is a generally recognized fact that one of the most 
important and sometimes the most perplexing 
problems encountered in the operation of inter-com¬ 
pany connections is that of securing accurate and 
flexible means of regulating power flow. , This is a 
problem which rapidly becomes more complex with the 
increase in the number of systems combined through 
interconnection into one group. Inter-company con¬ 
tracts, tie line capacity, and internal system limitations 
often require that the load exchanged at the various 
points be regulated within rather definite limits. 
Conditions have arisen where the maintenance of proper 
load division has been very difficult if not impossible 
and attention has already been directed to the solution 
ot-this important problem. Although efforts are being 
made to broaden interchange contract requirements it 
is sometimes difficult to avoid exceeding physical limi¬ 
tations and to secure the most efficient over-all 
operation. 

It is the purpose of this paper to discuss experimental 
and analytical methods by which the fundamental 
problem of load control may be attacked. 

At this point it may be well to mention that the 
problems of inter-company connection differ only in 
magnitude from conditions existing within most systems 
and cases undoubtedly exist where the same treatment 
might be applied to secure more flexible and economical 
inter-company operation. 

The Problem 

When two companies are tied together at one point 
and have no other interconnection, the problem of load 
control is relatively simple. Should Company I gen¬ 
erate say 10,000 kw. in excess of its own load, there 

*Part V of a Symposium on Power System Planning. 

fEleetrieal Pl anning Engineer, Duquesne Light Company, 
Pittsburgh, Pa. 

Presented at the Winter Convention of the A. I. E. E., New York, 
N.Y., Jan. 27-81', 1980. 


can be but one result; the 10,000 kw. must go over the 
tie line to Company II. Obviously, if this exchange is 
to be secured without frequency variation, the increase 
in generator output by Company I must be carefully 
coordinated with a corresponding decrease in output of 
prime movers by Company II. The maintenance of 
adequate system stability, power factor control, etc., 
are then the chief problems. If Company II is con¬ 
nected in turn to a third Company III, the three not 
forming a closed loop, the problem of load control is 
very similar but somewhat more involved. Proper 
apportionment can be secured through governor speed 
adjustments for any number of series connections, the 
regulation becoming more difficult as the number of 
companies increases. 

If, however, the interconnected systems form a closed 
loop, an entirely new element enters the problem and 
results in conditions which cannot be corrected by 
governor adjustment. In other words, if the three 
companies in the preceding example are connected to 
form a triangle, an adjustment of load on the tie be¬ 
tween I and II would result in power flow in the other 
two lines. An investigation soon reveals the fact that 
the three exchanges cannot be independently controlled 
and that an analysis and solution is best facilitated by 
the conception of voltage-phase relations. 

Phase Angles 

Considering once more the case of two intercon¬ 
nected companies, the conditions which exist are 
practically identical with those which accompany the 
transmission of power over any typical circuit. This is 
illustrated by the single-phase vector diagram of Fig. 1. 
It is apparent that the transmission of power from I to 
II results not only in a difference in magnitude between 
terminal voltages (in this case V n is less than V r ), 
but also a shift in phase angle denoted by the angle 6 . 
In actual practise the phase shift is not always apparent, 
but the drop in voltage magnitude is often objectionable 
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and can be readily corrected by transformer taps, 
voltage regulators, or power factor control. 

The addition of a third system to form a loop is 
illustrated in Fig. 2. With the same interchange of 
10,000 kw. from I to II and with the tie line 2-3 open, 
voltage relations will be the same as in Fig. 1. With no 



Figs. 1, 2. 3—Voltage-Phase Displacement and 
Coerection 

Fig. l—Two systems 
Fig. 2—Three systems 
Fig. 3—Phase rotator 


transfer between I and III, their voltages will be prac¬ 
tically equal and in phase. By means of regulator 
adjustments, it would be possible to secure voltages at 
the open circuit, equal in magnitude but not in the 
same phase position. Reference to Fig. 2 illustrates 
this condition and shows that there would be across the 
open switch a voltage about 90 deg. put of phase with 
the. line voltage. A convenient method of attack is to 
consider that closing the switch will superimpose on the 
existing* loadings around the loop a circulating power 
determined by the magnitude of the quadrature voltage 
and the total effective impedance, the direction of flow 
being from leading to lagging voltage. 

Conditions similar to that just outlined often arise 
in the operation of actual systems. Sometimes the 
differences in phase angle at a tie point are such as to 
make satisfactory operation impossible. These varia¬ 
tions are produced as a result of conditions of 
unsymmetrical system set-up and loading such as: 
difference in per cent reactance of cable and open wire 
lines, unequal number of transformations, location of 
power plants near the end of the transmission system, 
and non-uniform loading. 

In order to prevent this circulating power which 
might upset exchange, values, voltage conditions, and 
loading around the circuit, it would be necessary to 
introduce a quadrature voltage any place, in the loop 
equal to the inherent displacement produced by circuit 
loading. A simple method of producing this correction 
would be to connect transformers as in Fig. 3. By 
connecting the secondary of a regulating transformer 
in one phase and the primary across the other two 
phases, a voltage at 90 deg. may be obtained. It can 
be shown that for ordinary transmission circuits, the 


power flow is nearly proportional to the phase dis¬ 
placement of the voltage. It is feasible, therefore, to 
obtain accurate and flexible control of power exchange 
by supplying some equipment which will produce the 
required quadrature voltage in adjustable amounts and 
direction. 

Adding a voltage at right angles to the line voltage 
begins to change the magnitude as well as the direction 
for the larger angles. Because of this fact it may be 
economical to combine voltage control with phase 
shifting in one equipment. This can readily be achieved 
by one tap changing transformer and two sets of series 
transformers using star and delta connections. The 
basic principle is illustrated in Fig. 4. 

By laying out the transmission ring with all impe¬ 
dances and given simultaneous loads it is possible to 
calculate the required amount of phase shift for any 
assumed set of conditions. In this connection it should 
be emphasized that the so-called "velocity of electricity” 
has no effect on the phase displacement even for very 
long lines. The “velocity” of 186,000 miles per second 
applies only to transients and not to steady-state 
conditions. 

Obviously, the success of any such installation 
depends on the accuracy and foresight represented in 
the phase-angle determination. It was for the purpose 



Fig. 4—Diagram op Equipment por Shifting Phase-Angle 
and Regulating Voltage 

of establishing a workable method of making such 
calculations and checking theoretical and actual values 
that a test was performed and analyzed on a high- 
tension transmission ring about 250 mi. around and 
involving five systems. 

The following discussion, it should be remembered, 
pertains only to cases where a closed loop or parallel 
path network exists. 
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Description op Tests 

The high-tension transmission ring which was in¬ 
vestigated on this test is shown simplified on the 
diagram of Fig. 5. The systems of the West Penn 
Power Company, Ohio Power Company, Ohio Publie 
Service, Pennsylvania and Ohio Power and Light 
Company, and the Duquesne Light Company were 



Pig. 5—Map Showing Transmission Lines Devolved in 
Interconnection Test op April 16, 1928 

involved. Occasional operation with this ring closed 
on itself had demonstrated the inflexibility of inter¬ 
change control, j 

The method of procedure followed to obtain the 
desired readings was: 

1. With the tie line open at Valley Substation of 
Duquesne Light Company, all other connections being 
closed, measure the phase displacement at this point 



Fig. 6—Phase-Angle Measurement 

and at the same time secure readings of magnitude and 
direction of power flow on all parts of the ring, together 
with existing voltage conditions. 

2. Close the tie breaker at Valley Substation and 
determine the amount of power flow corresponding to 
the measured angle. A record was also made of power 
station and circuit loading all around the ring. 

3. Open the tie breaker at Valley and repeat the 
readings of No. 1. 


4. Secure all these readings for various values of 
initial phase angle. The variations are obtained by- 
shifting generation between power stations with re¬ 
sulting changes in tie line loads as illustrated on Fig. 8. 

The success of the test hinged largely on accurate 
measurements of phase angle, and consequently two 
methods were developed for measuring this value and 
in addition, a rough check was secured from the syn¬ 
chroscope. Probably the simplest means of determin- 



Pig. 7—Phase-Angle Calculations for Readings Taken at 
6.00 p. m. on April 16, 1928 


A. Schematic circuit diagram showing amperes and impedance per 

circuit in 66-kv, terms 

B. Voltage vector diagram derived from the conditions in (A) 



Fig. 8—Records op Power Flow Over Tie Lines 

A. Kw. chart at Valley Substation on tie between Duquesne Light Co. 
and Pennsylvania & Ohio Power & Light Oo. 

B. Kw ! . chart at Colfax Station on tie between Duquesne Light Co. and 
West Penn Power Oo. 

O. Kw. chart on Alliance circuit at Canton 


ing the angle is by the three voltmeter method as shown 
on Fig. 6. Here the magnitude of the two system 
voltages is determined and the vector difference mea¬ 
sured directly on the third voltmeter. Obviously, this 
scheme cannot be applied accurately to small angles and 
does not indicate lag or lead so apparatus was set up 
to use the wattmeter method. Briefly, this method 
consists of -sending current through the current coil of a 
single-phase wattmeter supplied through a non-induc¬ 
tive resistance from the potential transformer on one 




828 


LYMAN: CONTROLLING POWER FLOW 


Transactions A. I. E. E. 


side of the breaker while the potential for the voltage x 

coil was secured through a 90 deg. displacement trans- plied by to get the true power component. 

former from a potential on the other side of the line 

breaker. Thus when the two line voltages are in phase. Thus: __ 

currents in the two elements of the wattmeter will be P = V3 EI cos d P = Watts 

90 deg. out of phase and the reading will be zero. V ® = Line voltage 

This point can be accurately checked with the circuit I = V — Quadrature voltage 

breaker closed and the method is very sensitive for (neutral terms) 

small angles. Fig. 6 shows the diagram of connections x ^ = Total circuit reactance 

for the wattmeter method. An expression for deter- cos 6 = Z — Total circuit impedance 

m inin g the angles from the wattmeter, voltmeter, and 
ammeter readings is: Hence: 


Sin 6 = 


V3 E V 


( 1 ) 


Analysis of Results 

Phase Angle. The first comparison made was be¬ 
tween the theoretical phase angle and the measured 
value. Accurate descriptions were secured of trans- 


Z*_ 

X 


= Effective impedance 



mission line lengths, conductors, and spacing and trans¬ 
former capacity and percent reactance. From this 
information, the ohmic values of impedance were 
derived for each section of circuit. In this way it was 
possible to construct a complete vector diagram for the 
loop and show the various voltage relations. Fig. 7 
shows the results of one of the sets of readings for which 
the calculations show an angle of 17 deg. as compared 
with a measured angle of 19.6 deg. 

On Fig. 8 is a reproduction of the recording watt¬ 
meter chart of interchange power at Valley Substation. 
There was considerable fluctuation and it is obviously 
impossible to get readings taken a few minutes apart 
to check accurately. 

Equivalent Reactance. Another check was secured by 
comparing the actual total effective impedance around 
the ring as determined from a physical description of the 
apparatus with the effective impedance calculated 
from the readings on the test. Thus, on this test,' one 
of the voltmeters indicated a vector difference of 22,800 
volts with the breaks: opened, and the wattmeter 
indicated 16,300 kw. resulting power flow when the 
breaker was closed. These quantities result in an 
effective impedance of 90.5 ohms as compared with a 
figure of 82.7 ohms derived from transformer and line 
characteristics. 

These values of so-called “effective" impedance may 
, , & 

be expressed as —jjr and thus vary slightly from the 

true impedance. The reason for this is readily apparent 
when we consider that although the current caused by 
the quadrature vector voltage difference due to the 
phase displacement is equal to that voltage divided by 

the true impedance ^ i. e., I = this current is 

out of phase with the line voltage and must be multi- 


The use of pure impedance to determine kv-a. would 
probably lead to error since any generator voltage 
regulators in operation would tend to maintain constant 
voltage magnitudes. Phase displacements are little 
affected by this action, however, and it is interesting to 
note that the closing of the tie breaker at Valley Sub¬ 
station and the resulting shifting of power flow had no 
effect on any of the power plant kw. outputs. 

In a sense, the introduction of a quadrature voltage 
in a closed loop causes a circulation of power through 
each section, increasing or decreasing each of the pre¬ 
vious loads by the same amount. This is illustrated in 
Fig. 8 where it is apparent that the same change in 
power appeared in the Valley-Ellwood tie, the Colfax- 
Springdale tie, and the Canton-Alliance circuit. In 
this manner it is possible to determine the voltage 
that must be introduced in a loop to produce any de¬ 
sired change in loading. ; 

Table I was prepared as a summary of the results of 
the five tests showing the comparisons between cal¬ 
culated and actual values and other important features 
to be noted. Complete readings were not secured with 
which to calculate the phase angle for the first and last 
tests. The agreement between measured and cal¬ 
culated angles in the other three cases is quite close and 
the average effective impedance from test is only 7 per 
cent above the value derived from circuit characteristics. 
The variation in figures for kw. per degree is about 25 
per cent above and below the average. These incon¬ 
sistencies are not unreasonable when allowance is made 
for the fluctuating nature of the interchange power. 

Application 

Where systems of the same frequency are intercon¬ 
nected directly or through transformers to form a 
closed loop, the load control would probably take the 
form of a special type of regulator equipped for tap 
changing under load and connected for quadrature 
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TABLE I 


exhibit results derived from interconnection test 

Tt«fc No. 

Phase angle (degrees) 

Total effective impedance 

Z* 

Interchange 
at Valley S. S. 

Kilowatts 
per degree 


Measured 


Calculated 

-ohms 

X 

Vm. 

Wm. 

Average 

Circuit 

characteristics 

From tost. 

K\v. 

TO 

(metered) 

1 

o 

X 

4 

5 

4.0 

20 . a 
x.o 

4.3 

n.a 

4.3 

18.8 

7.5 

3.2 

10.3 

4.15 

19.05 

7.75 

3.75 
10.80 

17 

9 

5 

82.7 

82.7 

82.7 

82.7 

82.7 

87.9 

90.5 

50.9 

80.0 

96.8 

4,800 

10.300 

7,200 

3.000 

8,400 

p <&o 

P SiO 

v & o 

D. L. 

D. L. 

1157 

830 

930 

900 

778 

A vo. 

82.7 

88.4 

931 


action. Since the addition of a voltage at right angles 
makes a slight change in resulting magnitude, the power 
control could economically be combined with the or¬ 
dinary voltage regulator to give complete flexibility. 
1 his apparatus would be very similar in construction 
and operation to the transformers which are designed 
for tap-changing under load and which have been 
developed in the last few years to a high degree of re¬ 
liability. thus the phase shifting regulator or trans¬ 
former does not represent an entirely new piece of 
equipment but can be built and applied without ex¬ 
tensive development work. 

If voltage and reactive conditions are undesirable on 
either or both systems indicating the possible necessity 
for synchronous condensers, a motor generator set of 
the synchronous-synchronous frame shifting type might 
be used which would at the same time control power 
interchange. However, conditions would have to be 
unusual to warrant such an expense. 

It is a well-known fact that a three-phase voltage 
regulator incidentally produces a phase shift and the 
application of two such devices in series will make pos¬ 
sible the control of power and wattless kv-a. This 
scheme could be applied to low-voltage, medium ca¬ 
pacity tie lines but probably is not economical in large 
applications. An installation of this type has been 
reported in operation on an extensive power system in 
Texas. 


Discussion 

C. J. Sittinjjers The a perilling requirement of phase- 
shifting equipment for purposes of controlling power How over 
looped parallel circuits as encountered quite generally in inter- 
eonneeled systems are dependent primarily on three factors, viz: 

1. The total impedance of the circuit to be controlled and 
ratio ol the total impedances of the parallel circuits. 

2. The range and direction of power How and closeness of 
control desired. 

3. The geographical and seasonal distribution of load 
throughout that, portion of the interconnected systems involved 
in the loop. 

For purposes of illustrating the first condition, assume that 
the total impedance of main branch of the loop over which 
a definite amount of power is to lie sent is Z / & expressed as a 
per cent of the voltage drop corresponding to the kv-a. to ho 
transmitted, and includes the impedance of the phase-shifting 
equipment. 

m / (n — 1) y> bo the ratio total impedance of t he other 
branch of the loop to the impedance of the main branch, so that 
its impedance will be m Z fn v 


Parallel impedance 


Z /*p X in Z fn 
Z vi Z fn tp 


m Z / n ^ 

1 4- m fin ~ 1) <p 


Series impedance Z /*» 4* m Z /«* ^ Z V (1 -\- m /(w-1) <p) 
Without adjustment of the phase-shifter, the transmission 
of the given base load at a given power factor, cos 0, will cause 
a voltage drop between the two ends of the loop of 


1.00 \0 


m Z / n <p 
1 4- m ~ 


per cent 


Where the interconnection is between systems of 
different frequency a motor-generator set is required, 
and power control can be secured by a frame shifter for 
the synchronous type or by use of the asynchronous 
machine if it is not necessary to maintain rigid phase 
relations. 

In any event, the necessary range of phase shift can 
be readily determined by the method outlined and it 
should be remembered that this method of analyzing 
power flow problems and selecting equipment character¬ 
istics applies equally well to conditions within a system 
itself. Diversity of supply and differences in circuit 
characteristics may result in non-uniform loading and 
inefficient use of existing facilities. Conditions very 
likely exist where the installation of additional capacity 
could be obviated if inexpensive phase shifters could be 
applied. 


Tilt! amount oJ' power diverted from the main branch to the 
other branch of the loop would then he? 

1 -QQ \ l __ _ _1. 00 w 

m 7j /w f ' 1 + m ''(» - 3 ) </ > 1 + m /(» - 1) g 

The voltage which must lie inserted in the series circuit of 
the loop in order to neutralize this power flow would be 

1.00 \0 „ , „ , — , 

T+^niltn^- 17 ^ + * ■' <» - *) *) ^ 3.00 /0XZ U 

This voltage is just equal and opposite to the drop in tlie main 
branch duo to the entire load, and results in equal voltages at 
both ends of the loop, which, of course, is the condition neces¬ 
sary for no diversion of power, or zero How in the other branch. 
The only factors, therefore, which need be taken into account 
in a simple loop of fixed impedance without intermediate loads, 
are the amount of load, the power factor, and the total impedance 
of the main branch. 

Assuming a specific case of load at unity power factor, 10 
per cent impedance and a line angle of 75°, which would not be 
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uncommon if transformers were included in the circuit, the per¬ 
cent corrective voltage would be 10 /75° and the phase angle 

shift would be tan - 1 ■ *^ S ***^ --- - tan - 1 0.0922 = 5° —16' 

100 + 10 cos 75° 

For power transmitted in the opposite direction, the same cor¬ 
rective voltage would be necessary, but the phase angle shift 

would be tan- 1 — ” tan ' 1 0-0982 = 5° — 36' 

100 - 10 cos 76° 

For half the power flow the per cent corrective voltage would be 
5 /75° and the phase-shift tan- 1 0.0469 or 2° — 41'. 5 

It is evident that, aside from other considerations, the total 
phase-shift for a reasonable power flow is relatively small and if 
this were the only factor, the specification of phase-shifting 
equipment would be a simple matter. 

Referring to the amount of power diverted when operat¬ 
ing without phase-shift control, which was found to be 

1 00 \~6 

——--——-, it will be seen that the amount of diversion 

1-1 - m /(n — 1) <p 

is dependent only upon the ratios of the impedances of the 
branches and the total power flow. If <p = 75 deg. as in the pre¬ 
ceding example and the impedance in the diverting branch is 
twice that of the main branch with a line angle of 60 deg., so 
that m = 2 and n — 0.8, then for a unity power factor load, the 
power diversion will be 

1+1'%1 ' x 75° = 1,00/2 - 93 +i °- 52 " °- 33 ° "• 5 0 059 

= 0.335 /10° - 9' 

Similarly if the impedance in the diverting branch is one-half 
that of the main branch with a line angle of 82° — 30' so that 
m » 1/2 and n - 1.1 then for unity power factor load the 
diversion will be 

1.00/1 H- 1/2 / - 0.1 X 75° = 1.00/1.496 - j 0.065 

= 0.676 + j 0.029 = 0.677 /2° - 27' 

With a 17-tap phase-shifter of the type outlined by Mr. Lyman, 
employing reactors in the tap changing equipment, a change of 
one position with a 50,000 kw. load would cause an average 
shift of 1030 kw. in the first case and 2110 kw. in the second 
case. For other total loads, the amount of load shift would be 
proportionate. It is obvious that fine control with this type of 
equipment is not possible and must be supplemented by some 
readjustment of voltages throughout the system if no power 
is to be diverted from the main branch. It is also evident 
that the impedance ratio of the two branches of the load and 
the amount of power to be delivered have a marked effect on the 
closeness of control possible. 

As pointed out, the discussion up to now has been confined 
to a simple loop without intermediate loads. The more usual 
case consists of a continuous line of one or more circuits be¬ 
tween two points, with or without one or more transformations 
in voltage, and numerous points along the line where power is 
supplied to the system or loads are taken off. From each end 
of this line there may be other lines running toward each other 
over another route and which could form the nucleus of a second 
connection between the two points in question. Due to distri¬ 
bution of loads and generating stations, the open ends of the 
lines will as a rule have considerable inherent phase displace¬ 
ment as well as differing in voltage. If the interconnection be¬ 
tween the two points joins a hydroelectric district with a steam 
generating district, the inherent phase displacement will vary 
considerably from season to season depending upon the amount 
of water available for hydroelectric generation. 

To complete the loop by closing the open ends of these lines 
and subsequently control the flow of power over this loop by 
means of phase-shifting equipment, there would be required, in 


addition to the phase-shift necessary for load control, a further 
phase-shift to take care of system differences. In other words, 
it must supply additional voltage at the proper angle so that 
the open ends of the lines will match, thus permitting closing 
of the loop without disturbing the system balance. This phase- 
shift may, and usually will be of greater magnitude than the 
phase-shift necessary for load control and it may be positive or 
negative with respect to the latter. Fig. 7 of Mr. Lyman's 
paper illustrates this condition very clearly, and further indi¬ 
cates that lengthy and laborious computations may be required 
in order to determine the probable necessary range of operation 
of phase-shifting equipment. The difference between the calcu¬ 
lated and the actual phase displacement is due primarily to 
the fact that the various impedances cannot be determined 
accurately. The reactance of a conductor is affected by prox¬ 
imity to conductors of another circuit. The reactance of a trans¬ 
former depends upon the particular taps used. This latter 
reactance is especially subject to wide variation on different taps 
in the case of auto-transformers and phase-shifters. On a partic¬ 
ular case which the writer has been studying, the reactance of 
the phase-shifting equipment varied from 3.4 per cent to 5.5 
per cent. 

Referring again to the question of closeness of control it was 
pointed out that the angular shift necessary to obtain proper 
power control is ordinarily quite small,—on the order of 3 deg. to 
5 deg. The phase-shifting equipment must, however, supply the 
necessary voltage component to permit the connected systems 
to match. With an inherent difference of 15 deg., a total phase- 
shift of 20 deg. may be necessary in one direction, and possibly 10 
deg. in the opposite direction when seasonal load change reverses 
the inherent phase difference. If the tap changing equipment is 
connected to take the full range of the phase-shifter or 30°, then 
control of load will be six times as great. For the typical eases 
given previously a change of one position on the tap changer 
would cause average load shifts of 6200 kw. and 12,70 kw. 
respectively for a 50,000 kw. load, compared to 1030 kw. and 
2110 kw. in the case of the simple loop without intermediate 
loads. i 

It is hoped that this discussion will give a clearer picture 
of the conditions under which phase-shifting equipment must 
operate. Two induction regulators in series will give excellent 
control inasmuch as an infinite number of steps is possible. 
However, if large changes of in-phase voltage are necessary the 
capacity for phase-shift is appreciably reduced. Indicators 
would be necessary in order to show the position of the moving 
coils, otherwise it would be difficult to determine what changes 
have been made. The cost of such equipment, especially for 
higher voltages, is usually prohibitive. The regulating trans¬ 
former type of phase-shifter is mechanically a much simpler 
piece of equipment, having no moving parts except the tap 
changer. The ability to shift phase is only affected in a small 
way for wide changes of in-phase voltage and the cost of such 
equipment is relatively small, since it consists essentially of 
transformers and their appurtenances. For interconnections 
involving appreciable inherent phase differences, however, this 
equipment is open to the objection that close control of load is 
not possible with the designs thus far offered. 

It appears that three methods of overcoming this difficulty are 
possible. The first would be to provide the exciting trans¬ 
former with from fifty to a hundred or more taps, or three to 
six times that now offered, but only the phase-shift tap changers 
would be involved. These should be brought to the stationary 
member of some contact making device such as a drum controller. 
The seventeen taps of the tap changer and the neutral point 
would be brought to the moving member so as to permit manual 
selection of any seventeen successive taps, their range being 
selected to allow sufficiently close control of the load. 

Instead of a multiplicity of taps, the standard seventeen 
taps could be provided except at the center where fourteen 
more taps would be added, which, together with, the three 
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standard center taps would span the proper portion of the 
regulating transformer to give the fineness of control desired. 
The load tap changer would then be permanently connected 
to the fine taps. To take care of the wider inherent phase 
displacements due to system differences, the neutral or zero 
point would be connected to the movable arm of a manual tap 
changer to which the standard taps would be connected. A 
combination of this scheme with the first would make possible 
double the phase shift with a given regulating transformer. 

As another alternative scheme, a second phase shifting series 
transformer with tap changer equipment is suggested supple¬ 
menting the main transformer, but of such a ratio that its 
voltage would be one-third to one-sixth (or perhaps even as 
low as the voltage obtained in the main phase-shifting trans¬ 
former when spanning three taps). This would require three 
sets of tap changers all working on the same taps of the exciting 
transformer; but this does not seem to involve any serious 
complication or much added expense, and would certainly 
add much to the flexibility required of such equipment in order 
to make it of practical use. 

C. A- Powel: Mr. Lyman shows in his paper that if the volt¬ 
age and power readings are carefully made, the power flow around 
a loop can be readily calculated and the results depended upon. 
Now that a-e. calculating boards are available, the large amount 
of arithmetical work involved in such calculations can be 
eliminated. 


Mr. Lyman also shows that 17 deg. phase displacement existed 
across the breaker at Valley substation, and that when the 
breaker was closed, this same angle existed internally in the 
loop, causing a circulating current largely in phase with the 
voltage. This can perhaps be likened to a short-circuited 
synchronous generator where the terminal voltage disappears 
and is replaced by the short-circuit current. As Mr. Lyman 
points out, if the circulating current, in seeking the path of least 
impedance, leads to undesirable results, such as overloading 
cables or upsetting contractual exchange values, the situation 
can be easily remedied by phase angle control equipment. 

W. J. Lymans One thing which was not mentioned in pre¬ 
senting the paper is the possible combination of this scheme of 
phase angle control with voltage control as is being used to a 
very large extent at the present time. In other words, the equip¬ 
ment necessary to get this power control as described is not 
radically new. It is simply an alteration in the apparatus 
which is already quite standard. This is probably one of the 
main elements of value in the scheme. 

Another important fact is that only one device of this nature 
is required for any one loop. In the system shown in the paper, 
although there are three companies and three tie lines, only 
one regulator is necessary. 

The last thing I want to mention is that the increments of 
angular displacement provided for by the equipment must be 
in accordance with the total impedances involved in the loop. 



Electrically Welded Structures 

Under Dynamic Stress 

BY MORRIS STONE* and J. G. RITTERf 

Non-member Non-member 

Synopsis . In the general application of welding to various working stress ,, residual welding stresses, and stress concentration, 
types of constructions, those structures carrying variable stress have it is indeed possible to weld any type of structure without fear of 
been least adapted to fabricated construction. In the present paper trouble. Many various cases of such structures are described as to 
it is shown that by properly considering such factors as maximum their method of fabrication and success of operation. 


T HE general application of arc welding to all types 
of construction has extended rapidly during the 
past few years, but not in the field where dynamic 
stresses were imposed because of the lack of information 
on the fatigue resistance characteristics of such welded 
structures. Even as far back as 1911, Stanton 1 and 
Abell 2 after making a series of Wohler tests of welded 
material, advised against welds for variable stress ap¬ 
plications. However, recent investigations such as 
those described in this paper, justify a more general 
increase in the use of welding under these conditions. 



Fig. I-—Diagram Illustrating Combined Steady and 
Variable Stress 

The general nature of the action of weld metal under 
fatigue is much the same as for virgin metal, except that 
lower test values are obtained, and less consistency of 
results. If we consider, first, the pure weld metal, we 
find endurance limit values varying from ± 9000 lb. 
per sq. in. to ± 22,000 lb. per sq. in., depending on the 
care in making the weld, its porosity, size of weld, etc. 
Dustin, 3 commenting on the fatigue of welds, states the 
difficulty in obtaining consistent values, due to blow 
holes, slag inclusion, etc. This aspect of testing has 
forced the use of large size test pieces for obtaining 
fatigue values on weld material.* The reason for such a 
necessity can be appreciated when one considers the 
very nature of a weld, which is porous and non-homo- 
geneous. The effect of a small surface hole will be much 
more serious on a small specimen than on a large—so 
that in general, one should expect higher and more 
consistent results from large size fatigue specimens. 

‘Mechanical Engineer, Westinghouse E!eo. & Mfg. Co., East 
Pittsburgh, Pa. 

tWelding Engineer, Westinghouse, Elec. & Mfg. Co., East 
Pittsburgh, Pa. 

1. T. E. Stanton and JVR. Pannell, I. C. E., Deo. 1911. 

2. W. S. Abell, I. C. E., March 1919, in an investigation for 
Lloyd’s. 

3. H. Dustin, Revue Universelle des Mines, Dec. 1926. 

4. R. E. Peterson, “Fatigue Tests of Large Specimens.” 
A. S. T. M., June 1929. 

Presented at the Winter Convention of the A.I.E. E., New York, 
N.Y.,Jan. 87-81,1980. 


An active comparison, of endurance limits as deter¬ 
mined for varying sizes of welds is the object of a pres¬ 
ent research, and we need not be surprised to find the 
larger size welds showing lower endurance limits. Such 
an effect can be explained by the injurious influence of 
residual stresses in the larger welds, which do not occur 
in the smaller welds, where they can be relieved by the 
heat of subsequent welding. Such results would indi¬ 
cate opposite tendencies to those published 6 for tensile 
strengths, yield points, etc. 

From the widely differing values of endurance limit, 
it is entirely feasible to count on the value of 
± 15,000 lb/in 2 . This, it will be realized, must be com¬ 
pared with endurance limits of ± 25,000 lb. per sq. in. 
for mild carbon steel to as high as ± 60,000 lb. per sq. 
in. for some alloy steels. 

Most structures are rarely subjected to purely var¬ 
iable stress—alternating between equal values of ten¬ 
sion and compression—but rather combinations of 
steady and variable components as illustrated in Fig. 1. 
The failure of metals under such conditions is still a 
matter of investigation, and is only now becoming 
clarified from the point of view of design utility. 



Fig. 2—Curves showing Relation between Variable and 
Steady Stresses 

One of the most common stress conditions, and prob¬ 
ably the most elementary for a material study, is that of 
simple tension or compression superimposed by a 
variable stress of smaller magnitude. Experiments, 
investigating failure under various ratios of steady to 
variable stress, have been carried out for many years, 
with certain characteristic relationships becoming 
evident. If we plot steady stress as abscissas versus 
variable stress as ordinates, 6 the experimental curve of 

6. Q- Lobo, “Strength of Butt Welds,” Journal of Amer. 
Welding Society, April 1929. 

6. Recent Improvements in Turbine Cenerators, S. L. Henderson 
and C. R. Soderberg, A. I. E. E. Quarterly Tbans., Vol. 47, 
April 1928, p.649. 

“Stress Analysis in Electrical Rotating Machinery,” A. S. 
M. E. Trans., 1928, M. Stone. 


832 


30-17 



July 1930 


STONE AND RITTER: ELECTRICALLY WELDED STRUCTURES 


833 


failure follows somewhat that shown by the dotted 
line in Fig. 2. This has been approximated to by Ger¬ 
ber as a parabola, and by Goodman as a straight line 
connecting endurance limit and ultimate stress, but it 
is more conservative and easier of application to use the 
straight line approximation shown connecting endur¬ 
ance limit and yield point. 

The relation between allowable variable stress, S v , 
and corresponding steady stress, S„ as defined by ihe 
straight line is, where 
iS, = Endurance limit 
S y = Yield point 



Now in the actual applications of arc welded struc¬ 
tures, we do not permit ourselves to operate close to 
failure stresses; therefore the idea of factor of safety 
must be introduced. 

Due to the very many exigencies that may occur in 
welding, such as poor fusion, impurities, porosity, etc., 
we, in our design practise, have set a factor of safety of 
, 3 to be used both on the yield point in steady stress 
applications and on the endurance limit for fatigue. 
This confines our stresses to the shaded area shown in 
Fig. 2 and our stress relation now is expressed by 




n = factor of 



For welds, this relation take? on the quantitative aspect 
f & , & 1 

01 15,000 + 30,000 " 3 

The endurance limit and yield point values being taken 
here are average figures. 

To illustrate its use: Suppose we have a pure vari¬ 
able stress, then S s = o, and the allowable S v is given by 

15,000 

S v = -g- = 5000 lb. per sq. in. 


On the other hand, suppose we consider a static appli¬ 
cation, where S„ = o, then the allowable stress, S a is 

30,000 

S„ — -g-= 10,000 lb. per sq. in. ’ . 

/ 

These are the values adhered to in all designs where 
welds have to withstand live stress. An intermediate 
case may be: If S B = 5000 lb. per sq. in., what is the 
allowable variable stress that may be superimposed? 
Thus 

Allowable S, = ( j - 30Q0Q - ) 15,000 =. 2500 lb. 
per sq. in. 

The design situation becomes more complex where 
welds are to withstand combined shear and direct 
stress, 7 or direct stress on planes at right angles to each 

7. F. C. Lea, Engineering , Aug. 20,1926. 


other. These fields have not as yet been fully investi¬ 
gated experimentally even in the realm of metals 
themselves, and even less for welds. 1 his leaves us with 
the necessity of relying on the well established rules for 
stress combinations as calculated from the ordinary 
theory of elasticity, and interpreted as we have dis- 
cussed above. 

At this point, we must inject an idea extraneous to 
fatigue considerations for pure metals, but one which 
occurs when heat treated alloy steels are welded to¬ 
gether or to ordinary steels. Tests that have recently 
been made consisted of welding a ring of metal around a 
heat treated ni-chrome steel (0.56 per cent Cr, 1,17 per 
cent Ni.) test bar, and then after machining oil’ the bead, 
subjecting the bar to an alternating stress. The en¬ 
durance limit dropped from 66,000 lb. in.'- (for the alloy 
steel) to 16,200 lb./in. 2 Like reductions were noted in 
ductility and impact resistance. This important result 
emphasizes the point that the fatigue strength of welded 
joints cannot be increased by using high grade parent 
metal—the effect of welding is to reduce the endurance 
limit to only average values for mild carbon steel. This 
fact is important, particularly, where joints are designed 
to fail in the parent metal and not in the weld. 'Phis 
result, however, is not to be interpreted to apply in the 
case of static stress, where tensile properties do not 
appreciably change. 

As soon as we begin to extend our ideas to welded 
joints, much of our knowledge becomes inapplicable. 
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Fig. 3— Two T vines or Wdi.iikd Joints 


To interpret our informaion on weld and parent metal 
for use in welded joints is to assume that the stress 
distribution is known. This unfortunately is the stum¬ 
bling block in most cases. 

Even in the simplest of welds fillets, butt, side, or 
end welds- actual tests must be carried out to deter¬ 
mine the upper limit for stress application. And for 
the great majority of joints, which are made up of 
combinations of the above, there exists little chance of 
being able to predict stress distribution. 

To examine the simplest of joints, let us compare the 
two types of joints shown in Fig. 3, the first, a joint of 
front welds and the second, a joint of longitudinal or 
side welds, as to their suitability to withstand dynamic 
stress. 


Rem tests that have been made in the past, notably 
by Dustin, the strength of joint (a) is best predicted 
by considering the section A B to be subjected to pure 
tension and we must associate the stress given by 

8. H. Dustin, Congres International pour 1'Kssiii dcs Ma- 
teriaux, Amsterdam., 1927. 
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/ = - V ~ — with failure. 
tl 

Failure usually takes place at this critical section. For 
type (5) welds, the breaking stress can be written as 



Fig. 4—Arc Welded A-c. Generator 


/ = (a v 2 P)/( tl) where a has the value of approxi¬ 
mately 2/3. This factor has this low value due to the 
stress concentration at the ends of the weld, causing 
the break to progress from A 1 and B 1 inward. 9 Despite 



Fig. 5—Specimens Tested on Vibration Machine 


the lower allowable stress for joint (6) (where stress 
must always be compared with shear stress failure, 
while in (o) the much higher value of tension failure 
caw be approached), it must be noted that the energy of 
rupture of joint (&), is much larger than that for (a), and 
Dustin even goes so far as to favor (6) over (a) for 

9. Stress distributions of this type have been qualitatively 
studied by J. H. Smith, “Stress-Strain Characteristics of Welded 
Joints,” Journal of Amer. Welding Society, Sept. 1929. 


dynamic loading. A conclusion like this, however, is 
clearly a case of balance of ductility of break against 
allowable stress. 

The design of machines to be constructed of struc¬ 
tural shapes welded together involves a great many 
factors in addition to the direct stresses in the welds. 
Fig. 4 shows the type of construction widely used for 
a-c. generators and motors, the rotors of which are 
direct connected to geared machines or combustion 
engines. These machines are subjected to large torque 
variations of both high and low frequencies and a con¬ 
siderable amount of experimenting has been carried 
out to determine the best arrangement of the structural 
members and welded connections. 

It was quite easy to make the welds themselves 
efficient in these structures, but the stress concentra¬ 
tion in the structural members was a serious problem. 
It will be noted that the H-beams of the rotor are placed 
so that the smallest moment of inertia is utilized for 



Fig. 6— Vibrating Test Machine with A-c. Rotor Test 

Arms 

torque loads. This arrangement calls for larger beams 
but gives the most economical design to keep stress 
concentration at a minimum. 

Fig. 5 shows several methods of fixing the H-beams 
into the hub of the rotor which were tested on the ma¬ 
chine shown in Fig. 6. This machine subjected the 
specimens to a very violent oscillating vertical motion 
corresponding to torque oscillations in the actual rotor. 
Specimen (c) proved to be the best, but specimen (6) 
has proved satisfactory for normal application. Fur¬ 
ther tests are being conducted on a machine which will 
give actual as well as relative values of the stresses 
encountered and will also permit the superimposing of 
initial stresses in the structure which are independent 
of the varying stresses. 

The initial stresses which are encountered in welded 
structures proved to be very harmful when the struc¬ 
ture is subjected to varying stresses as discussed earlier 
in the paper. These initial strains are caused by the 
actual shrinkage of the weld metal itself and by the 
unequal heating of the various parts of the structure 
while being welded. Bending and twisting strains are 
set up while cooling to room temperature. Many com¬ 
plete rotors were built to determine if it was possible 
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to obtain a structure free from initial strains. The 
method used in determining the residual strains was to 
drill small gage holes in the pieces before being as¬ 
sembled and recording the variations in the distances 
between them after being welded. After the rotor was 
completed, additional strain gages were clamped to the 
structure at various places and the individual members 
cut loose from the structure by hack saws. Various 



Pig. 7—Weld in Rotor Rim Located at Point where 
Bending is Absent 

welding sequences, peening of welds, artificial cooling 
of members, and jigs were used, but it was found to be 
commercially impracticable to obtain a complete rotor 
free from high residual strains. 



Fig. 8— 1000-Kw. Arc Wedded D-c. Rotor 

Annealing was then adopted in order to remove the 
strains and tests were made at various temperatures by 
our Research Dept. It was found that practically all 
residual strain was removed at 1000 deg. fahr. and this 



Fig. 9—Arc Welded Single-phase Stator 

temperature was adopted for all welded apparatus 
where a strain free condition is necessary. Several 
complete rotors were annealed at 1000 deg. fahr. and 
the residual stresses found to be under 1500 lb. per 
sq. in. 


Annealing at higher temperatures was found to be 
undesirable because of the greater liability of warping 
and cracking the welds. All of the physical properties 
of the weld itself are decreased by high temperatures 
and because of this it is not considered practicable to 
obtain refinement of the grain structure of the parent 
metal adjacent to the weld at the expense of the weld 



Fig. 10—25000-Kv-a. Lower Waterwheel Bracket 

itself. These results concur with previous conclusions 
of other investigators. 8 - 10 

It is of interest to note the design consideration 
necessary in the use of butt welds for the rims of the 
above mentioned rotors. These rims are made of bar 
stock rolled up and butt welded. It was at first thought 
desirable to locate the welds of one of the rotor arms 
across the butt weld in order to reenforce it but the 
bending and tension stresses were above our allowable 
limit. The location of the weld as shown in Fig. 7 at a 



Fig. 11—Two Waterwheel Brackets under Test 

point where the bending in the rim is zero and only the 
centrifugal tension exists, made it possible to use a 
welded construction. * 

In Fig. 8 we have a typical are welded d-c. rotor, 
1000-kw., 300-rev. per min. for steel mill application. 
The construction here is characteristically different 
from the a-c. rotors in that there is no welded connec¬ 
tion between the spokes and rim, thus eliminating the 
condition where locked up stresses are serious. This 

10. J. B. Rose, Journal of American Welding Society , Sept. 
1929. 



























STONE AND RITTER: ELECTRICALLY WELDED STRUCTURES Transactions A. I. E. E 


permits the use of welding without strain annealing and 
has been applied with complete success to Diesel driven 
generators, steel mill drives, ship drives, etc., all of a 
dynamic stress type. ,A11 machines of this type have 



Fig. 12—300-Hp. Blower Propeller 

been tested at repeated short circuit and maximum 
overspeed, and are designed to withstand a torque load 
of ten times normal. 



Yiq,1 3—Arc-Welded Lashing for Turbine Blades 

Fig. 9 shows a welded single-phase machine in which 
the varying stresses imposed have as serious an effect 
on the stator as on the rotor. This type is subjected to 



Fig. 14—Under Frame for Diesel Electric Locomotive 

200 per cent torque pulsations at twice the impressed 
line frequency. 

Fig. 10 shows an arc welded bracket for supporting 
the rotor of a 25,000-fcv-a. waterwheel generator. This 
type of bracket must be designed; to permit a very small 


deflection and must withstand varying and shock loads. 
The waterwheel sets up considerable vertical vibrations 
and under certain operating conditions water surge im- 



jPi Qt 15—Crank Case for High-Speed Diesel Engine 



Fig. 16—7000-Hp. Marine Reduction Gear Unit 



F iq. 17—175-Ft. Arc Welded Railroad Bridge 



Fig. 18—Corner of Fabricating Shop 
Rolling A-c Rotor Rims 


pacts can be so severe that the rotor is actually lifted 
from its thrust bearing. Fig. 11 shows two brackets 
being tested for deflection by pulling them together 
with a through bolt. The tests showed'that the 
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deflection of the welded brackets is comparable with the 
corresponding cast design and can be predetermined 
with accuracy. The purpose of the bolted joints shown 
is to permit the dismantling for shipment. A consider¬ 
able number of brackets of this general type have been 
in use for some time. 

Fig. 12 shows the propeller 11 of a large volume high- 
pressure blower which is directly driven by a 300-hp., 
3250-rev. per min. induction motor. It is constructed 
by arc welding the two blades into a slot out in the hub. 
Various strength and fatigue tests were made on this 
design and it has withstood severe service conditions. 
The entire blower housing is fabricated by arc welding 
and in some applications the propeller is driven by an 
all welded steam turbine. v 

Fig. 13 shows the application of arc welding for tur¬ 
bine blade lashing which must withstand unusually 
severe vibration stresses. This construction has been 
successfully used for several years. 

Fig. 14 shows a welded cab underframe for a Diesel 
electric locomotive. It has successfully withstood the 
severe bumping and twisting strains imposed by yard 
switching service. 

Our company has also used arc welded designs suc¬ 
cessfully in the following applications which are sub¬ 
jected to dynamic stress conditions: ; 

Crane structures. 

Marine reduction gear units of several thousand hp. 

Trolley pole bases for street cars. 

Various ventilating fans. 

Lif ting lugs on various apparatus. Elevator cages 
and equipment. 

Railway motor housing and gear cases. 

Locomotive equipment supports. 

Railway bridges. 

Crank cases for high speed railway Diesel engines. 

We have emphasized, in this paper, the degree to 
which electric welding may be relied upon in applica¬ 
tions where the structure is subjected to dynamic stress. 
Such applications can be successfully made by giving 
due consideration to the factors of maximum working 
stress, residual welding stresses, and stress concentra¬ 
tion. The pessimism of the past few years regarding 
dynamic applications is slowly disappearing and it is 
only by the careful consideration of all factors that arc 
welding will be extended to all types of fabrication 
without restriction. 


Discussion 

B. L. Barnes: First, it is, I believe, generally agreed that it 
is possible to deposit welds by hand which will have less initial 
stress in the deposited metal than would be present in welds that 
are made by a continuous machine process. Would the authors 
consider it necessary to anneal, all welded machine parts such as 
rotor spiders shown in the illustrations regardless of whether they 
are welded by hand or machine? 

Second, the paper mentions some limits of allowable working 
stresses, in the deposited metal. I wish to ask whether the 

11. Detailed Description, Power , July 23,1929. 


allowable stress in the weld is dependent upon the size of the 
weld. For instance, it is, I believe, considered that metal 
deposited by a single operation is more uniform and stronger per 
unit area than that in a larger weld requiring two or more opera¬ 
tions. Would the same working unit stress be allowed in a large 
weld requiring two operations as in a small weld requiring but one 
operation? 

C. H. Jennings: Messrs. Stone and Ritter are to be com¬ 
mended on the very valuable and interesting information pre¬ 
sented in their paper Electrically Welded Structures Under 
Dynamic Stress. It has been the aim throughout the paper to 
show how electric welding has been successfully applied to 
dynamically stressed structures and to discuss the application 
of a very useful and convenient method for taking into con¬ 
sideration the dynamic and static stresses when designing welded 
structures. 

This paper is of particular interest to those who are investi¬ 
gating the properties of welds and promoting the use of welding 
in industry, for it shows how welding has been successfully ap¬ 
plied in cases where it was at one time thought unsafe and im¬ 
possible. This development of welding has only been made pos¬ 
sible by the extensive research investigations that have' been and 
are being conducted on the physical properties of welds. 

Unfortunately, relatively little work has been done by investi¬ 
gators on the fatigue of welds, a test which is of prime importance 
for obtaining information on welds subject to dynamic stresses. 
The company with which the writer is connected has gone deeply 
into this phase of welded joint investigation and is obtaining some 
very interesting and valuable inf ormation. 

It is mentioned in the paper that the use of large specimens has 
been resorted to in an effort to minimize the effect of stress 
concentration due to pits and holes, and that in doing so lower 
endurance values are obtained. This is quite true but the writer 
feels that this low endurance limit cannot be entirely explained 
by the injurious effects of residual stresses in large welds. An 
additional factor that probably aids in producing this low endur¬ 
ance limit is the possibility of some physical change in the struc¬ 
ture of large welds as compared with small ones. As yet, how¬ 
ever, no definite explanation is available. 

The low fatigue results obtained on large specimens are not in 
disagreement with results published for tensile properties of 
welded joints, 1 where it was found that the strength of butt welds 
increased with the thickness of the welded plates, as at first might 
be expected. The increase in the tensile properties of butt welds 
as the thickness of the welded plates is increased to at legist one 
inch, is possibly explained to a certain extent, other factors being 
constant, by the manner in which the plate is welded. In the 
tests made by Mr. G. Lobo, Jr., 1 who first published the fact that 
the tensile properties of butt welds increase with the thickness of 
the welded plates, up to plate thicknesses of at least one inch, 
the specimens were welded by weaving the electrode back and 
forth across the V, when advancing it along the joint. For thin 
plates and at the bottom of aV, where the crosswise movement of 
the electrode is small, this gives in effect a bead laid perpendicular 
to the axis of stress when the plate is tested. When the width 
of the groove to be welded became larger, as at the top of the V 
in a large plate, the weld became in effect a number of small 
beads laid nearly parallel to the direction of stress when the 
specimen is tested. Also from tests made from pads of weld 
metal it is known that the tensile properties of weld metal stressed 
parallel to the direction of deposition are much greater than those 
obtained by stressing the weld metal perpendicular to the direc¬ 
tion of deposition. 

This may partly account for the higher tensile values obtained 
from large plates, where the weld is, in effect, laid nearly parallel 
to the direction of stress rather than perpendicular to the direc¬ 
tion of stress as on thin plates. Also, in large welds the possi- 

1. Gh Lobo, Jr., “Strength of Butt Welds,” Jour . of American Welding 
Society, April 1929. 
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bilities of better fusion and operating conditions are prevalent. 
Even though the residual stresses are higher in large specimens, 
they have little effect on the strength obtained from static tests 
and it is possible that the advantages obtained from the above 
items more than overcome them and any other inherent weakness 
that might be found in large welds. 

In fatigue tests on large specimens, the directional effect pro¬ 
duced by the manner in which the weld metal is deposited and 
the possibilities of better fusion and operating conditions also 
have a beneficial effect on the endurance limit, but the high 
residual stresses and possible structural changes become of great 
importance and probably more than counteract this beneficial 
effect. 

Another series of fatigue tests which is mentioned and is of 
importance is that on the different methods of fixing H-beams 
into tlie hubs of rotors. Tests on joints similar to those illus¬ 
trated in the paper are being continued in order to obtain numeri¬ 
cal values for comparing the different types. The importance of 
these tests is quite evideht for such joints can be applied to all 
types of structures and bridges as well as to electrical machinery. 

In these tests, a slight digression was made from the conven¬ 
tional fatigue tests (complete reversal of stress) for joints of this 
type would not be subjected to such conditions when in service. 
The method being employed in making the tests is to subject the 
test specimens to varying initial bending loads upon which is 
superimposed a constant cyclic load. Thus by varying the initial 
bending loads on the specimens, a critical initial bending load for 
each type of joint can be obtained. By this is meant an initial 
static bending load of such a value that greater static bending 
loads will produce fatigue failure and static bending loads equal 
to or less than this will not produce fatigue failure when sub¬ 
jected to a superimposed cyclic load of the value used in the test. 

With this information, it is possible to obtain actual values of 
comparison between the various types of joints by comparing the 
initial bending loads that can be applied without producing 
fatigue failure. 

These few facts are mentioned as they aro directly connected 
with the work mentioned in Mr. Stone’s and Mr. Ritter’s paper 
and show the land of work that has been and is being done in 
order that welded designs such, as they have mentioned are 
possible. 

J. C. Lincoln: (communicated after adjournment) This 
paper is of considerable interest from an academic point of view, 
and while the conclusions do not entirely coincide with those of 
other noted experts, the information given is of undoubted value. 


As a matter of commercial application, however, in general the 
design is determined not from the fatigue limitation but from 
the amount of metal which must be used in order to make the 
part machinable rapidly without undue trouble from bending. 
As a rule, if stiffness and strength sufficient for this are present, 
they are in excess of the quantities needed for commercial 
operation. 

The authors’ recommendation regarding annealing brings up a 
moot point. Their success with this treatment is not universally 
conceded. Many other manufacturers with a longer experience 
state with equal fervor that annealing is of no commercial 
benefit. As a matter of fact, very few structures which are 
fabricated by arc welding are now annealed. 

The application of any process of this kind is carefully con¬ 
sidered by the engineer. It is customary to build the first few 
structures in the light of this engineering, but after the design has 
become common commercial necessity or practise, very often the 
design is changed materially, and in spite of the objections of the 
engineer it frequently develops that many of the troubles which 
he predicted failed to materialize. 

Arc welded structures in many cases have already gone through 
this period and the tens of thousands of manufacturers who are 
using this manufacturing tool, frequently without any engineer¬ 
ing, generally with only the faintest conception of the stresses 
involved, have been able to produce commercially satisfactory 
results. In doing this they use only the rule of thumb method 
of making the new design half the section of the previous east 
structure. 

J. G. Ritter: Mr. Lincoln states that intensive design is 
unnecessary in maldng welded structures; in our own plant and 
in many other large plants the design of welded apparatus has 
passed the stage of converting from castings. It would be very 
impracticable in designing a new machine to first make it cast 
and then make the welded structure half as heavy, as Mr. Lincoln 
suggests. 

It would be ridiculous and unnecessary to anneal all structures, 
but the experience of “most large manufacturers” has proved 
that annealing is essential in certain rigid structures subjected to 
dynamic stress conditions. 

Mr. Jennings discussion of the relation of fatigue to size of 
welds is well taken. Most of the data on fatigue of welds have 
been obtained from built up structures rather than simple welds 
and much more work should be carried out iu testing of the 
fundamental welds. 


Tap Changing Under Load 

for Voltage and Phase-Angle Control 

BY HOMER B. WEST* 

Associate, A. I. E. E. 

Synopsis. —One of the most important, and sometimes most in- means of accomplishing this, which has been used in a few cases and 
solved, problems brought about by the many interconnections of which is being considered on a larger scale, is the adaptation of tap- 
electrical systems, is a means of accurate and flexible regulation of changing-under-load equipment with properly connected static 
power flow. The adjustment of voltage and the control of waitless transformers. 

current by means of tap-changing-under-load equipment has become The purpose of this paper is to discuss briefly the connections 
quite extensive. The regulation of power flow by means of phase- employed and the equipment used in connection with static trans¬ 
angle control has been pul into practise on a limited scale. One formers for the purpose of voltage and phase-angle control. 


Introduction 

HE rapidly increasing number of interconnections 
between power systems is making possible the 
shifting of loads from one system to another in 
either direction in response to the diversity of system 
loads, and is resulting in improvements in the quality 
of service and in economies due to savings in plant 
capacity. The extent of interconnections can be ap¬ 
preciated when one realizes that the aggregate trans¬ 
former capacity now installed with adjustable voltage 
ratio under load amounts to more than five million 



Fig. 1—Separate Regulating Transformer Complete 
with Tap-Changing-Under-Load Equipment for 11 Per Cent 
Voltage Regulation on a 50,000-Kv-a., Three-phase, 24,000- 
Volt Circuit 

kv-a. A large percentage of this equipment is used for 
system interconnections. 

{ These interconnections are presenting the problems 
of interchange of wattless kv-a., which involve voltage 
control, and the problems of controlling the power flow 
in definite paths through networks, which involve both 
voltage and phase-angle control. The purpose of this 
paper is to show the connections employed and to de¬ 
scribe the equipment used for this purpose. 

1. Transformer Engineering Department, We stinghouse 
Electric & Manufacturing Company, Sharon, Pa. 

Presented at the Winter Convention of the A. I. E. E., New York, 
N.Y., Jan. 87-31,1980. 


Voltage Control 

When two systems are tied together at one point and 
have no other interconnections, a difference between the 
two system voltages at the point of interconnection will 
cause wattless kv-a. to flow from the system with higher 
voltage to the system with lower voltage. Transformers 
with equipment for changing the voltage ratio under 
load are used to compensate for the difference between 
system voltages and control the interchange of wattless 
kv-a. 

Fig. 1 is an interesting example of tap changing under 
load equipment for this application. In addition to 
system interconnections, many other applications for 
tap-changing-under-load equipment for voltage control 
have been found. Examples of such applications exist 
where the equipment is used to compensate for line and 
transformer drop in transmission circuits, to maintain 
the voltage at secondary distribution busses, between 
predetermined limits, and in the supplying of power to 
synchronous converters and furnace transformers. An 
example of the latter application is the use of an 8120- 
kv-a., 25-cyde, single-phase, 12,000-volt fhmace trans¬ 
former with a low voltage range of 60 to 30 volts in 64 
steps of less than one-half volt- each, obtained by the 
“TJ'B” equipment later described in this paper. 

The needs of many users of voltage ratio adjusting 
equipment are usually met with a range of 10 per cent 
adjustment above and below normal voltage. Now and 
then a greater range is needed, but equipment for more 
than 10 per cent regulation up and down is becoming 
more rare. The manufacturer’s practise With tap 
changing equipment seems to be resolving itself into 
the building of a standardized equipment, giving a total 
voltage range of 20 per cent, with 10 per cent regulation 
above normal in four steps, and 10 per cent below nor¬ 
mal in four steps. If a greater ratio adjustment than 
10 per cent is needed, and it can be used in four steps up 
and down, the standardized equipment may be used by 
providing suitable taps in the transformer winding. 

There are three fundamental methods of changing 
the voltage ratio of transformers under load: (1) by 
induction regulators or step induction regulators; (2) by 
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the parallel-winding method; and (3) by the single¬ 
winding method. 2 

1. Induction regulators are generally used on low- 
voltage distribution circuits of small capacity. Step 
induction regulators. Fig. 2, are used to obtain small 
increments of voltage between taps, but since expensive 



— Swtrc* 


Fig. 2—Development op Transformer Winding and Se¬ 
quence Chart for Step Induction Regulator Equipment 

equipment is involved, they are seldom used except 
for special applications. 

2. Fig. 3 is a development of the parallel winding 
method. This method is now obsolete because, (a) it 
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Fig. 3-—Development op Transformer Winding and 
Sequence Chart for the Parallel Winding Method of 
Changing Transformer Taps under Load. 

is not economical from the design point of view; (b) the 
multiplicity of taps usually makes it necessary to place 
part of the mechanism inside the case; (c) it requires a 
complicated sequence of operations; and (d) part of the 
winding is overloaded during transition periods. 

3. ' One single-winding method, known as the mul¬ 
tiple circuit method, which is an outgrowth of the 

2. L. H. Hill, A. I. E. E. Trans., Vol. XLYI, 1927 p. 582. 


parallel-winding method, is shown schematically in 
Fig. 4. The principal difference between this and the 
parallel-winding method is that, instead of two parallel 
windings, a multiplicity of double taps on a single 
winding is used. Also, a separate auto-transformer is 
used during the transition period to control the circu- 



Fig. 4—Development of Transformer Winding and Se¬ 
quence Chart for the Multiple Circuit Method of Chang¬ 
ing Transformer Taps under Load 
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Fig. 5—Development of Transformer Winding Showing 
Taps, Arrangement of Switches, Bridging Auto-trans- 
mer, and Sequence Chart for the Simple Single-Winding 
Method of Tap-Changing-Under-Load Equipment 

lating current, whereas in the parallel-winding method 
the inherent impedance between the two windings 
served this purpose. 8 

A simpler single-winding method which is later de¬ 
scribed, is shown schematically in Fig. 5. 

The single-winding method has outlived the parallel¬ 
winding method and is now being used by all leading 

3. L. F. Blttme, General Elec. Rev., March, 1928, p. 123. 
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manufacturers. As a consequence, this paper deals 
principally with the single-winding method of tap 
changing and describes the equipment involved, in 
which every opportunity for simplicity in design has 
been used. 

The simplest method of changing the voltage ratio 
of a transformer is to provide taps in the transformer 


the auto-transformer across the two taps, and, since 
the line lead is attached to the center of the preventive 
auto-transformer, the line voltage comes the same as it 
would have been had the line lead been attached to a 
tap midway between the two actually brought out. 

Similarly, to change taps still further, the process is 
completed in the same manner as indicated in sequence 



Pig. 6—Front Elevation View op Transformer with the 
Type “IJB” Tap-Changing Equipment 

winding and a bridging auto-transformer to be switched 
along the taps as’ is shown in Fig. 5. A range of 10 per 
cent voltage above and below normal, each in four steps, 
is obtained with this simple arrangement. 

To obtain the full winding of the transformer in the 



Pig. 7—Side Elevation View op Transformer with the 
Type “U B’ s Tap Changing Equipment 

circuit. Fig. 5, switches 1 and 6 are closed. The circuit 
is then through the full transformer winding and divides 
through the preventive auto-transformer, one-half being 
through one side of the auto-transformer and one-half 
being through the other side in the opposite direction. 
The voltage of the transformer is therefore the voltage 
induced in the entire winding. To change taps one 
step, switch 6 is opened and 2 is closed. This connects 



Fig. 8—Development op Transformer Winding and Se¬ 
quence Chart for Single-winding Method op Tap-Changing- 
Under-Load Equipment in its Simplest Form 


of tap changing in Fig. 5. This method of switching 
produces the whole range of nine voltage ratios with 
only five tap leads and six switches. Each operating 
position is equivalent to an exact tap position. Figs. 



Fig. 9—Cross-section Elevation of the Type “UB” Tap- 
Changing FjQUIPMENT 


6 and 7 show front and side elevation views of a trans- 
former with this single winding method of tap-changing- 
under-load equipment. 

Fig. 8 is a schematic diagram of a further simplifica¬ 
tion of the single winding method of tap changing under 
load with a bridging auto specially designed to meet two 
different operating conditions. When it bridges across 
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two taps, it operates simply as an auto-transformer. 
On the alternate tap positions half its winding is con¬ 
nected in series with a tap from the transformer winding 
and it functions as a reactor. Under the latter condi¬ 
tion, it introduces into the circuit a small out-of-phase 
voltage vector. The special design features of the auto- 



Fig. 10 —Separate Regulating Auto-transformer with 
“UB” Tap Changing Equipment for Changing Taps under 
Load for Voltage Control 


transformer are devoted to keeping its voltage low when 
it acts as a reactor. At 100 per cent power factor this 
vector has no measurable effect on the voltage of the 
transformer because it is practically in quadrature. At 
lower power factors it has more effect because it swings 
around more nearly in phase with the delivered voltage. 
Its maximum effect would be at practically zero per 
cent power factor. With power factors that are found 
in service, the reactor effect of the auto-transformer is of 
no practical importance. 

The switches, operating cams, driving motor, and 
other parts that make up the complete tap changer 
shown in Figs. 6 and 7, are all placed together in a 
housing mounted upon the side wall of the transformer 
case. The tap leads from the transformer winding pass 
directly through the tank wall into this housing, where 
they connect to the switches. The compartment en¬ 
closing these leads and connections is oil filled, and the 
switches themselves operate in oil. 

In the development of tap-changing-under-load 
equipment, it was found much better, as a means of 
simplifying the scheme of connections and operation, to 
place all parts of it outside the transformer case. Power 
transformers, as they are built at present, are at best 
rather complicated affairs, and keeping mechanisms 
and moving parts out of the main transformer case helps 
considerably in the effort to keep them as free from 
complications as possible. With the type shown, only 
a few leads need be carried through the tank wall. The 
net result of the combination of transformer and tap 


changer is one that represents the utmost simplicity, 
and reliability. A cross-section drawing, illustrating 
the arrangement of the switches and the mechanism 
that operates them from the cam shaft, is shown 
in Fig. 9. 

Like most tap changing equipments operative under 
load, the equipment is designed to be operated by motor 
from a distance, but it can also be operated by hand 
when desired. The remote control is accomplished at 
the switchboard with a single switch used either to 
raise or lower the voltage. As soon as the mechanism 
starts to move in response to the switch, the control is 
taken away from the operator and the mechanism 
automatically completes the change of taps. Indicating 
lamps and position indicators at the switchboard 
complete the equipment. 

When the tap changer operates directly in the winding 
to be regulated, the switches used for changing taps 
must be insulated for the voltage of the particular part 
of the winding in which they operate and be capable of 
carrying the winding current. Sometimes it is cheaper 
to use a regulating transformer connected as shown in 
Figs. 10 and 11, with a rating of only the kv-a. of the 
control required. The voltage and current may be 
jointly adjusted to give the minimum switchgear cost. 
For transformers already installed, it is customary to 
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Fig. 11 —Separate Two-Winding Regulating Trans¬ 
former with “TJB” Tap-Changing Equipment for Changing 
Taps under Load for Voutage C ontrol 


use a tap changing equipment to vary the voltage of a 
separate regulating transformer in this manner. The 
regulating transformer may take the form of an auto as 
shown in Fig. 10, or of a two-winding transformer as 
shown in Fig. 11. The adjustable voltage is applied to 
a series transformer connected in the line whose voltage 
is to be regulated. The principle of changing taps and 
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the equipment are the same as used for new transform¬ 
ers built for the purpose. 

Phase-Angle Control 

If one of two interconnected power systems is in turn 
connected to a third power system without forming a 
closed loop, the problem is still one of voltage control 
because the division of actual load is controlled through 
governor speed adjustments. 

If two or more interconnected systems or parts of one 



Kia. 12 —Three Power Systems Interconnected to Form 
a Power Loop and Vector Diagram Showing the Conditions 
which Exist when the Line is Opened between Systems II 
AND III 

system form a closed loop, Fig. 12, conditions arise 
which cannot be corrected simply by voltage control 
and by governor adjustments. The governors in each 
generating station can be adjusted to control the power 
output from that particular station. The closed power 
loop, however, forms two paths between a generating 
station and the load at points around the loop. The 
tap-changing-under-load voltage control equipment 
can be adjusted to obtain voltages of equal magnitude 
at a particular location in the power loop, but these 
voltages may not necessarily be in phase. For example, 
if the line is opened between stations II and III, Fig. 12, 
and the voltage E a is measured on the station III side 
and the voltage E a is measured on the station II side, 
there may be a voltage E z between E a and E a across 
the open breakers. The dotted extension of E- t indi¬ 
cates how the voltages can be adjusted to equal magni¬ 
tude by means of tap-changing-under-load equipment 
for voltage control only, but a quadrature voltage E q 
still exists across the breaker, because E~> and E a are not 
in phase. If the tie line be connected to form a closed 
ring, current would flow from E», the line with leading 
voltage, to E a , the line with lagging voltage. 

If a voltage in quadrature with one of these delivered 
voltages, E 2 for example, is added in the line to com¬ 
pensate for E q , the two voltages E 2 and E a can be 
brought into phase with each other. The division of 


load can be adjusted between the two parallel paths of 
the loop by adding in-phase components and quadrature 
components of voltage to compensate for the impedance 
voltage in one of the parallel paths of the loop. 

The voltage relations, of course, would change with a 
change of load. The added quadrature voltage should, 
therefore, be available in adjustable form. 

This is a simple illustration of the possibilities of 
phase-angle control. With a ring system involving 
several generating stations and loads*supplied at various 
points, the problem is more involved. However, if in- 
phase and quadrature voltages are supplied to the ring 
to neutralize the resultant impedance voltage of the 
entire system for a given set of load conditions, the way 
is cleared for a flexible and an economic distribution of 
current throughout the ring. 

Quadrature corrective current^ and voltages may be 
obtained with synchronous condensers and polyphase 
induction regulators as well as with static transformers. 
This paper, however, is devoted only to the use of static 
transformers for the purpose. 

A quadrature voltage may easily be obtained in a 
three-phase system with transformers. If voltages 
from phases B and C of the star-connected regulating 
winding in Fig. 13 are connected in series, the resultant 
voltage, a, will be displaced 90 deg. from the voltage of 
phase A. With suitable transformer connections it can 
be superimposed upon the voltage of phase A. 

In the case of a separate delta-connected regulating 
transformer feeding a series transformer to add the 
quadrature voltage to the line, the secondary winding 


A 



of the regulating transformer is connected in star as in 
Fig. 14. The voltage from neutral to C of this winding, 
for instance, is displaced 90 deg. from phase A to neutral 
of the main system. 

Equipment which has been developed for adjusting 
the voltage ratio of power transformers without inter¬ 
rupting the load may be adapted to the control of phase 
angle without any modifications in the mechanism; it 
may be used for this purpose also without disturbing 
the continuous flow of power. 

For phase-angle control, a quadrature voltage of 
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10 per cent will cause a shift of phase angle of approxi¬ 
mately 6 deg. Twenty per cent voltage in quadrature 
will shift the phase about 11 deg., and 36 per cent is 
required for a phase shift of 20 deg. 


A 




B 


Fig 14. 


connections for phase-angle control and for combined 
ratio and phase-angle control. 

The greatest problem in connection with phase-angle 



VOLTAGE PHASE-ANGLE 

CONTROL CONTROL. 



REGULATING WINDING SERIES TRANSFORMER! 

MAIN TRANSFORMER. 

pi IG# iq —Transformer Bank with Regulating Winding 
and Two “UB” Tap Changing Equipments for Combined 
Voltage and Phase-angle Control 



15—Separate Two-Winding Regulating Trans¬ 
former WITH “UR” Tap Changing Equipment fqr Phase- 
Angle Control 

Voltage adjustment and phase-angle control may be 
combined in the same transformer. Separate switching 
mechanisms and separate series transformers are, of 
course, required in order tb get the separate adjust¬ 
ments. Figs. 15, 16, and 17 show typical schemes of 



1? IG . 17—Separate Two Winding Regulating Trans¬ 

former with Two “UB” Tap Changing Equipments for 
Combined Voltage and Phase-angle Control 


control with static transformers is not the equipment, 
for it is available in simple and reliable form. It lies 
rather in the calculation of the amount of phase shift 
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required to get the operation that is wanted for the 
varying conditions under which load is delivered. In 
the case of complicated interconnections with several 
generating stations and various load centers with vari¬ 
able distributions of load, it is not altogether a simple 
matter to determine just what shift of phase will pro¬ 
duce the best net results. 

It would seem that the static transformer with phase- 
angle control equipment will eventually occupy an im¬ 
portant place in the progress of interconnections. 


Discussion 

J. S- Lennox: Previous to 1922, equipment for controlling 
the ratio of transformers under load was rather limited in its 
application and confined largely to the method shown in Pig. 8 
of the paper. Since that time the development has been rapid 
as evidenced by the first part of the paper showing the evolution 
in methods used by one manufacturing company. 

Probably the most outstanding improvements have been in 
the mechanical design. Modern equipments are me cha nic al ly 
drivon throughout, thus eliminating all necessity for electrical 
interlocks and other similar protective devices. 

The mechanical equipments fall naturally into two classes, one 
in which tlio tap connections are changed and the current in the 
reactor circuit broken by the same contacts and the other in 
which tlio functions of changing connections and rupturing the 
current aro handled by separate devices developed for each 
purpose. In the latter case, only two switches are required, one 
at ouch end of the reactor. 

Tlio first of these types of equipment is only suited for use with 
electrical circuits which permit bringing all the tap connections 
out of tho transformer, as obviously no switching operations can 
be permitted in the transformer oil. 

The second type is more flexible in its applications but advan¬ 
tage of it is usually taken to place the ratio changing device in 
the clean transformer oil adjacent to the windings. 

In this connection, Mr. West says “in the development of tap 
changing under load it was found much better to place all parts of 
it outside the transformer ease.” I should like to ask Mr. West 
what operating experiences forced him to this conclusion. So 
far as I am aware experience covering seven years on a rapidly 
increasing number of equipments totaling well over two hun¬ 
dred to date luis not resulted in a single failure of the parts 
placed inside the transformer. What few failures have occurred 
have been confined to bushings or equipment outside of the 
transformer though damage to the transformer windings may in 
some cases have resulted. 

Most of the oleetrical circuits shown in the paper can be used 
with either type of mechanical equipment though some such 
applications would be quite costly. Fig. 8, for instance, lends 
itself most readily to the use of the first type of equipment 
because of tho small number of switches required whereas either 
• type can be applied economically to Fig. 5. On the other hand, 
the second type with ratio changing and current interruption 
performed by separate devices is best suited to Fig. 4. 

I should like to mention one winding arrangement not illus¬ 
trated in the paper that has come into extensive use in the last 
three or four years. Electrically it is similar to Fig. 5 of the 
paper if operation is confined to positions 1, 3, 5, 7, and 9, 
wherein switch No. 6 is closed, thus short-circuiting the preven¬ 
tive reactor. To obtain nine operating positions it is necessary 
to have nine taps as the bridging positions are not used. 

Considering the sequence chart of Fig. 8, it will be seen that 
the preventive reactor is either in series or in parallel with the 
system on every position; In Fig. 5 it is in parallel on alternate 
positions but never in series. The arrangement referred to is a 


still further refinement in which the reactor is short-circuited on 
all positions. 

Due to the increased number of taps, this method can be used 
economically only with the first type of mechanical equipment up 
to five or possibly seven ratios. For nine or more ratios it is 
necessary to use the second type of equipment with the ratio 
changing and the switching functions separated. The additional 
cost involved in such an application is to a considerable extent 
overcome by the possibility of quantity production of the various 
elements and by the fact that the preventive reactor is only one 
half the size called for in Fig. 5. 

Phase Angle Control 

As shown by Blume (A. I. E. E. May 1927) if the relation X 
to R is alike for all portions of the loop the currents will divide 
to give minimum losses. Where this is not the case it may prove 
more desirable to readjust the lines by the use of reactors than to 
employ phase angle control. Certainly it would be difficult, if 
not impossible, for an operator to control the currents in a loop 
of any complexity to obtain minimum line losses. 

Assuming properly balanced lines, complete flexibility of loop 
operation, at minimum line losses and including local distribution 
at fixed voltage from each station bus, can be obtained by 
installing power factor control on the transformers connected to 
the loop. 

In such a case, however, the power factor or in-phase control 
would be located between the stations and the loop rather than in 
series with the loop as shown in Fig. 12. 

Operation at minimum losses, however, may result from 
overloading transformers or cables where such are in series with 
the loop. Phase-angle control, possibly accompanied by power- 
factor control, may in such eases offer a more satisfactory solu¬ 
tion than adjustments by means of series reactors. 

A recent interesting shipment of ratio control covered two 
large series regulating transformers with the windings so ar¬ 
ranged that by a simple change in connections they can be 
converted from phase angle control to power factor control, thus 
permitting their use in any manner required by future conditions 
at the point of application. 

F. W. Gay: One would gather from reading Mr. West’s 
paper that the effect of the auto-transformer or reactor is not 
important. I should like to take exception, to this statement. 
There are three possible types of auto-transformer equipment 
for tap changing purposes, as follows: 

1. The auto-transformer is designed with a saturating mag¬ 
netic circuit. When operating as an auto-transformer with 
power supplied to the start and finish of the winding and power 
taken off the mid tap, the transformer is operated at the knee of 
the saturation curve. During tap changing there is a brief 
period during which one-half of the turns of the auto-transformer 
are in circuit functioning as a reactor. The voltage across the 
active turns will be approximately 50 per cent greater than the 
voltage across these same turns when functioning as an auto¬ 
transformer. It is therefore evident, if the power factor is low 
and it is desired to raise the voltage, say per cent from a tap 
on the main transformer, that when one-half of the auto-trans- 
former is cut into circuit as a reactor, the voltage will drop 2J^ 
per cent, or more, depending upon whether the power factor is 
moderately low or very low and the voltage will jump approxi¬ 
mately 5 per cent as the winding turns are switched from reactor 
functioning to auto-transformer functioning. If a purchaser is 
going to use a tap changing transformer on a low power factor 
load and is determining on the size of the tap changing steps on 
the basis of permissible flicker voltage, he should note that the 
incremental jump in voltage actually obtained on this type of 
equipment will be approximately twice that of the tap change. 

2. In the second type of tap changing auto-transformer an 
air core auto-transformer is us©4, having a very high magnetizing 
current. This auto-transformer when functioning as an auto- 

, transformer is generally designed to take approximately 100 per 
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cent magnetizing current. If the transformer taps are spaced at 
6 per cent intervals, the magnetizing current of the main trans¬ 
former will be increased approximately 5 per cent when the auto¬ 
transformer is functioning as such. The voltage across half the 
turns of the air core auto-transformer, when it is functioning as a 
reactor, will generally be less than half the voltage across the 
saturated iron core reactor just discussed. 

3. The third type of tap changing equipment uses auto¬ 
transformer with closely interlaced windings having a very low 
magnetizing current. This auto-transformer is normally shunted 
by a reactor, having a circuit breaker in series. The circuit 
breaker is closed at all times except when the auto-transformer is 
functioning as an auto-transformer across the main transformer 
taps. In this scheme the magnetizing current drawn by the 
auto-transformer, when it is functioning as an auto-transformer, 
is substantially negligible, generally being less than one-tenth the 
magnetizing current drawn by method one and only two or three 
per cent of the magnetizing current under method two. The 
reactance that such an arrangement inserts in the circuit when 
operating on a main transformer tap should not exceed a quarter 
of one per cent. However, during the instant of change from 
full tap to half tap the magnetizing current drawn by the reactor 
in shunt with the auto-transformer will be approximately five 
times as great as that drawn by method two. 

To sum up, the operating man will do well to remember that no 
matter what method is used in changing from tap to tap, the 
effect of the auto-transformer is by no means negligible unless 
the power factor closely approximates 100 per cent. That 
method of tap changing should be chosen which best suits the 
system. 

I should like to suggest a possible winding connection for trans¬ 
formers which may be found very convenient for use in conjunc¬ 
tion with, phase changing equipment. 

It is well known that a phase changing equipment to care for 
much more than fifteen electrical degrees becomes very expensive. 

I would suggest that each phase of one of the transformer wind¬ 
ings be provided with two coils for series multiple connection 
with 86 per cent taps in each coil. Such a winding may be 
connected parallel star or series delta. This special winding 
should be provided on the side not equipped with voltage taps. 
With such an arrangement on a transformer interconnecting 
tw-o systems, any phase relationship may be obtained in steps of 
thirty electrical degrees; in other words, it is possible to meet the 
requirements of any system with which interconnection is to be 
made within fifteen electrical degrees. 


it is quite essential that this be determined in advance, so that 
every time a tap is changed on the transformer a surge will not, 
be created on the system which will bo reflected in the system 
voltage. The amount of this surge is of course entirely depen¬ 
dent upon the design of the proventativo auto-transformer con¬ 
nected between transformer taps. Tho design of this auto¬ 
transformer should be one that is adaptod to the particular 
application of the tap changing equipment. This is something 
that is quite essential if we are going to avoid voltage dips during 
tap changing, particularly if such changing is made automatic? 
and occurs at frequent intervals. 

M. S. Schneider: (communicated after adjournment) The 
Cincinnati electrical load is supplied partially from Columbia 
Power Station, which is located approximately twenty miles 
from the city. The energy from this station is transmitted to 
the Cincinnati district over four 66-lev. t?i remits which arc? con¬ 
nected to the district’s 13.2-kv. network by means of suitable 
transformer substations. 

In addition to the four 66-kv. circuits, a 33-kv. circuit connects 
the Columbia Power Station with tile Cincinnati district. ’Phis 
33-kv. circuit supplies load to consumers located bet ween the 
station and the city. To provide flexible? voltage* control on this 
circuit a three-phase voltage regulating transformer is connected 
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E. K. Huntington: I should like to discuss Mr. West's 
paper from the standpoint of its application to systems connected 
with transformers which are largely for supplying power between 
these systems; in other words, a superpower connection. Often¬ 
times these connections normally carry very little power and 
therefore they may be operating at quite a low power factor. 
Under these conditions the operation of tap changing equipment 

at low power factors is quite important. 

In considering the purchase of a tap-changing equipment on 
our system in Rochester, we already had installed a 20,000 kv-a 4 
transformer bank connecting our system with the Niagara 110- ’ 
kv. system. In applying tap-changing equipment to this 
transformer, we found that it would be necessary apparatus 
which would give us a variation of possibly 10 per cent in voltage 
range. This was determined by shifting the present taps on the 
high side of the transformer. A shift of 2 y 2 per cent in voltage 
taps gave us a change of about 3000 reactive kv-a. in the tie 
between the two systems. This ratio of course varies with 
different kinds of load on the system but a fair average is 1000 
reactive kv-a. for each per cent of voltage tap change. 

It is possible, of course, to limit the size of the regulating 
transformer required by the use of the taps on existing trans¬ 
formers for seasonal changes. 

In regard to the dip in voltage which occurs during tap change, 


A, B, C, input voltages 

A’ B, B' C, C' A, full boost voltages 

A* B, B" C, C" A y full buck voltages 

on the 13.2-kv. side of a 15,000-kv-a., 13.2/33-kv. transformer 
,bank at the Columbia station. This transformer bank supplies 
the 33-kv. circuit. 

During 1928 and 1929, when plans worn made Tor increasing the 
capacity of the Columbia Power Station from '1(1,000 to 120,000 
kw., it was realized that the division of load between the four 
66-kv. circuits and the 33-kv. circuit would be such as to seriously 
overload the latter. It was necessary, due to load conditions, to 
keep this circuit energized from the Columbia Power Station and 
also from the Cincinnati 13.2-kv. network. In order to limit 
the current flow over the 33-kv. circuit, the regulating trans¬ 
former was installed as previously explained. 

. T1 “ S thre ®'P lu f® relating transformer was designed for 
"f, ln * ho dolto ° f 13.2-kv. circuit of a lo.OOO-kv-a., 

roo S , r0rmW bank * Jt was used to regulate the 
voltage of the 33-kv. output of this bank under load giving four 
Per cent stops above and below normal 

latI h l C r^ eti0DS bBtWeen 1110 r "<*" laU * a “<I man* bank were 
ater changed so as to obtain a combined regulation of voltage 

W W S k - «™ U» :i«V. output 

an could bo increased 5.44 per cent, in voltage and 
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at the same time retarded 5 deg. 54 min. in phase, or the voltage 
could be reduced 4.61 per cent and the phase advanced 4 deg. 
9 min. 

Figs. 1 and 2 herewith show original and final general connec¬ 
tions and also 33-kv. delta voltages before and after the change. 
The change in connections was easily made and subsequent tests 
showed that the kv-a. load was reduced 31 per cent. This was 
the result desired. Before the transformer was installed the 33- 
kv. circuit was opened frequently each day at a consumer’s plant 
located at approximately the mid point of the circuit. These 
oil circuit operations were due to the excessive current being 
supplied over this circuit from the Columbia Power Station 
to the Cincinnati district, and they became so frequent that it 
was necessary to open the circuit at the Cincinnati end at certain 
times of the day, whenever the load attained certain values, in 
order to prevent their occurrence. After the regulating trans¬ 
former was installed, the load was reduced sufficiently so that 
the oil circuit-breaker operations due to load transfer were 
eliminated. The customers along the route of this circuit were 
not affected in any manner. 



A, B, C, input voltages 
A B' t B C', C A', full boost voltages 
A B", B C", C A*, full buck voltages 


After the connections of the regulating transformer had been 
changed the kv-a. load supplied over this circuit could be regu¬ 
lated within the limits of the transformer. The regulation of 
voltage causes a variation in the reactive load and at the same 
time the varying of the phase angle changed the power load. 
The original connections permitted voltage regulation only, and 
consequently variation only of reactive load. 

H. B. West: I shall refer first to comments by Mr. Lennox-. 

Tap changing under load, as applied to power transformers, 
is comparatively new, being only six or eight years old. Some 
of the earlier equipments used parallel winding schemes, as 
shown in Fig. 3 of my paper. However, experience has shown 
that the single winding method is much simpler. Therefore, 


the use of schemes shown in Fig. 5 and Fig. 8 has followed the 
use of the parallel winding scheme, and they are being used today 
after the evolution in methods as pointed out by Mr. Lennox. 
The scheme shown in Fig. 4 is an outgrowth of the parallel-wind¬ 
ing method, and while it is a single-winding method, it does not 
take advantage of all the possible simplicity of the single-winding 
method. 

Mr. Lennox states that only two switches are required for 
such a scheme as that shown in Fig. 4, but if one refers to the 
sequence of operation, he will readily see the extra complication 
over and above that involved in the use of schemes as shown in 
Figs. 5 and 8. 

Power transformers today, even at their host, are somewhat 
complicated because of high voltages and multiplicity of windings, 
sometimes three and sometimes four. The designer, therefore, 
does not care to complicate the design any further, and because 
of the simplicity in design and operation, all parts of. tap changing 
under load equipment have been kept outside of the transformer 
tank. 

Mr. Lennox referred to two figures in my paper, stating that 
the number of steps was limited somewhat either to nine or eleven 
positions, depending upon whether the scheme shown in Fig. 5 
or that shown in Fig. S was used. This is correct. In making a 
survey of the range required of the equipments now in service, 
we have found that a 10 per cent rango plus and minus will serve 
the needs of practically all cases. We have, therefore, standard¬ 
ized on equipment to give this range in voltage in 2 \i per cent 
steps. There have, of courso, been some special eases where we 
have supplied tap changers to give more positions, but in such 
cases, as well as in those cases where a smaller number of taps is 
required, we always keep all parts of the tap changing equipment 
outside of the transformer tank. 

In the scheme shown either in Fig. 5 or in Fig. 8, fewer taps are 
required in the transformer winding than in the scheme discussed 
by Mr. Lennox, and the operation of the tap-clianging equipment 
is simpler. 

It is realized that other methods may bo used in phase-angle 
control, but this papor lias been devoted to transformers ami 
tap changing equipment used for that purpose, because it would 
seem that they will eventually occupy an important place in such 
applications, bocauso of their simplicity, reliability, and flexibility. 

Referring to Mr. Gay’s comments, J would estimate that 
approximately half of the equipments supplied by one manufac¬ 
turer has been with the scheme shown in Fig. 5, and half has been 
with the scheme shown in Fig. 8, At 80 per cent power factor, 
if the voltage between taps in the transformer winding is 5 per 
cent the steps in voltage using the scheme shown in Fig, 5, would 
be 2% per cent, and the stops using the scheme shown in Fig. 8 
may be of the order of 1 l / z per cent and 3 J4 per cent for alternate 
steps instead of each stop being 2 34 per cent. 

It may be well to point out that it will take only two'seoonds to 
complete the operation in going from one tap position to another, 
and this means that any dip in voltage that occurs in the transi¬ 
tion period would be of a smaller duration. It would seem 
that voltage dips of the order actually obtained, in a period of 
such short duration, would not be of much consequence. 
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Synopsis . —Magnetic noise in induction motors is caused by the 
vibration of magnetic parts produced by the varying forces associated 
with the changing flux density in the adjacent air parts of the mag¬ 
netic circuit . Torsional vibration of the motor is caused by un¬ 
balanced windings or applied voltages . Vibration of the rotor 
simulating a mechanically unbalanced rotor is caused by two fields 
differing by two poles and not of the same frequency or direction of 


rotation . Vibration of the stator by distortion from a circular shape 
results from the presence of other simple combinations of fields. 
Teeth tend to vibrate axially at double applied frequency. 

The magnetic noise produced by a motor can be predicted from a 
qualitative analysis of the air-gap field supplemented by an approxi¬ 
mate quantitative analysis and consideration of the stiffness of the 
parts. 


Introduction 

UE probably to the previous lack of engineering 
importance, there is very little information on the 
subject of noise in electrical machines readily 
available in our technical literature. When mentioned 
at all, it is usually covered by a few general, superficial, 
and, frequently, inaccurate statements. It has been 
found that these general statements can be made pre¬ 
cise by building up an exact theory from elementary 
fundamental prinoiples. 

A motor is a source of sound because some part is 
moved pericMically by a periodically varying force. 
This axiomatic statement is made to emphasize the fact 
that the study of noise is a detailed exact study of the 
parts which can vibrate and the forces which move 
them. 

Magnetic noise (so called) is that in which the forces 
are those associated with the varying magnetic flux 
density. We can limit the study to the vibration of 
magnetic parts produced by the flux in the adjacent air 



Fig. 1—Torsional Vibration Produced by Two Fields 
with Like Number of Poles but Different Angular 
Velocities 

parts of the magnetic circuit. The conductors them¬ 
selves can usually be neglected as a noise source as the 
forces on them, being situated in the relatively weak 
leakage field, are small. Likewise we can neglect 
whatever internal stress may exist in the magnetic 
parts as the rigid parts are not deformed appreciably. 

1. Electrical Engineer. General Electric Company. Lynn, 
Mass. 

Presented at the Winter Convention of the A.I.E. E., New York, 
N.Y,, Jan. 27-81,1980. 


The noise producing parts can vibrate in several ways. 
A torsional vibration of the stator and rotor as a whole 
results from periodic torque pulsation. Such a vibra¬ 
tion may be particularly objectionable as it is trans¬ 
mitted directly through the motor feet to the supporting 
structure. (See Pig. 1.) Due to the reaction of un- 
symmetrical supports torque pulsation may also distort 
the stator from its circular shape. A circular vibration 
simulating a mechanically unbalanced rotor as shown in 
Fig. 2 results from an unbalanced magnetic pull. This 
unbalanced force may revolve in either direction and at 



Fig. 2—Rotor Vibration Simulating an Unbalanced 

Rotor 

other than synchronous or rotor speeds or it may even 
be stationary. If due to the use of skewed members the 
phase of the force is not the same for all axial positions 
it will tend to shake the rotor as well as to bend the 
shaft, i. e., it simulates two unbalanced weights with 
different axial and angular positions. The stator may 
be deflected, as shown in Fig. 3, into a rotating elliptical 
shape. Similarly, the forces may be balanced on more 
than two radii resulting in a tendency toward a rotating 
polygon. The laminations and particularly the teeth 
may vibrate axially. Experience indicates that teeth 
seldom if ever vibrate tangentially. The rotor may 
vibrate axially as a whole, causing noise by striking the 
bearings. 

Most vibrations are forced; i. e., their frequency is 
not near a critical frequency. In this case the vibration 
is proportional to the force and inversely proportional 
to the rigidity of the parts. However, since there are 
several causes- for flux density variation and hence 
several frequencies of applied forces, there is consider¬ 
able chance of encountering a critical vibration in which 
a small force produces a large deflection. 



848 


30-8 



July 1030 


UILDKHKAND: QUIET INDUCTION MOTOKK 


Magnetic Forces 

At every point on the air-gap surface there is a 
directed varying force proportional to the ilux density 
squared. The summation of the tangential components 
of force is the total torque. The radial components 
according to their configuration tend to distort the 
parts. 

As is well known and contrary to elementary text 
book theory, the air-gap field is at no instant distrib¬ 
uted according to a simple sinusoid and the distribu¬ 
tion changes as it rotates. This is equivalent to saying 



that in addition to the fundamental field there are other 
fields with other than fundament al number of poles and 
some with other than fundamental frequency. 

It is evident from consideration of energy that torque 
pulsations will result from the presence of two fields 
having the same number of poles and rotating with 
different velocities. The worst case and possibly the 
only one which is a serious noise factor is that in which 
there is a backward revolving field produced by single¬ 
phase operation, unbalanced applied voltages, or un¬ 
balanced windings. 

It has been shown by Fritze" and also by Chapman 2 3 
that two fields differing by two poles produce an un¬ 
balanced magnetic pull as illustrated in Fig. 2. In 
Fig. 4 instantaneous values of the radial forces are 
plotted for a field having a two-pole and a lesser four- 
pole component to show the superposition of this un¬ 
balanced radial pull on the high harmonic force com¬ 
ponents. The shape of this force curve changes as the 
fields rotate but there is always present the same radial 
unbalanced component which may be stationary but 
which usually rotates. The noise produced is like that 
of a motor with an unbalanced rotor revolving at the 
speed of rotation of the unbalanced component. 

It can also be shown (see Appendix A) that the com¬ 
bination of two fields differing by four poles or a single 
two-pole field tends to distort the parts into a rotating 
ellipse. In general the combination of two fields having 
poles whose sum or difference equals any given number 
g, or a single g/2 pole field tends to distort the stator or 
rotor into a polygon having g/2 sides and usually 
rotating. 

2. Archivfur Eleklrolccnik, Vol. 10, pp. 73-05, July 23,1922. 

3. I.E. E. JL, Vol. 61, No. 313, pp. 39-48, Doe. 1922. 
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There is always present a double line frequency 
axial vibration of teeth and punehings best corrected 
by tight clamping and impregnation. Frequency is 
double because the forces are proportional to the flux 
density squared. 

The method of determining the noise tendency of a 
motor is to tabulate qualitatively all of the possibly 
existing fields and examine for two fields differing by 
two poles, four poles, etc., or two fields with the same 
number of poles revolving at different speeds. The 
disturbing pairs of fields are examined more critically 
and roughly quantitatively with regard to magnitude, 
frequency, and rigidity of parts. With these data the 
quality of the finished design becomes dependent upon 
the skill of the designer in combining parts to obtain 
results which can be predicted rather than the chance 
results of applying less fundamental rules. 

It is beyond the scope of this paper to make a 
thorough study of the air-gap fields except perhaps to 
enumerate the order of the fields probably existing and 
the factors upon which their magnitude depends in 
order to point out how the several design features are 
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related to magnetic noise. The fields existing in an 
induction motor air-gap may he roughly classified with 
regard to source as follows. 

1. Fundamental for which motor is designed. 

2. Stator magnetomotive force harmonies. 

3. Stator magnetomotive force sub-harmonics. 

4. Rotor magnetomotive force harmonies. 

5. Rotor magnetomotive force sub-harmonics. 

6. Gap eccentricity permeance variation. 

7. Stator slot permeance variation. 

8. Rotor slot permeance variation. 

9. Permeance variation due to saturation. 

10. Slot pattern permeance variation. 

As is well known with a symmetrical winding,, the 
magnetomotive force in addition to the fundamental 
contains harmonics of order, N - (±) (2 <j>g ± 1) 
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where N = order of harmonic, <f> = number of phases, 
and g = any positive integer. The sign indicates the 
direction of rotation. In a squirrel-cage winding the 
number of phases equals the number of bars per pair of 
poles and produces the corresponding harmonic mag¬ 
netomotive force. A non-symmetrical winding pro¬ 
duces other fields having fewer than fundamental num¬ 
ber of poles. The magnitude of the magnetomotive 
force waves is inversely proportional to the order, is 
proportional to the current in the winding, and is de¬ 
pendent upon the well known pitch and distribution 
constants. The flux field produced is approximately 
proportional to the magnetomotive force and inversely 
proportional to the air-gap unless there is a closed secon¬ 
dary circuit to such a field in either winding. It should 
be recognized that while the fundamental flux is pro¬ 
portional to the magnetizing current the harmonic 
flux is proportional to the total current if there is no 
suitable closed low impedance secondary circuit. In 
the latter case the flux is greatly reduced. 

In addition to these so-called harmonic fields, the 
presence of slot openings, and other irregularities in the 
air-gap introduce other disturbances in the flux equiva¬ 
lent to introducing new harmonic fields. These may be 
called permeance fields. If there are to equally spaced 
irregularities, the combination of the fundamental 
magnetomotive force with 2 N„ poles and the m'th 
order permeance variation introduces new fields, the 
largest having 2 (N„ + m) and 2 (N 0 - to) poles. 
The important permeance fields are given by to equal to 
one for eccentricity, w equal to the number of stator 
slots, to equal to the number of rotor slots, and m equal 
to the difference in numbers of stator and rotor slots. 
The frequency may be different from fundamental and 
the fields may rotate in either direction. The magni¬ 
tude of the field is approximately equal to the magni¬ 
tude of the disturbance in the even gap permeance; 
i. e., the amount of eccentricity or the effective slot 
opening. 

Tests 

Some 1500 motors of about 200 distinctly different 
designs have been tested with regard to noise. These 
are assorted over a range of % to 15 hp., 25 to 60 
cycles, two- and three-phase, different types of squirrel- 
cage rotors including single and double windings, slip¬ 
ring motors, all overhung slot riveted frame construc¬ 
tion. In many cases a motor of a particular rating has 
been made and tested changing pertinent factors one at 
a time. As the volume of test results is entirely too 
large for adequate presentation the following general 
digest is offered. 

No case has yet been found entirely inconsistent with 
this theory. Only a few cases have been observed 
noticeably inconsistent. With few exceptions the 
observed noise has agreed very closely and in detail 
with that predicted by the methods here presented. 
The agreement has been particularly good in those 
cases where a design has been modified to correct an 


ftvisting noise tendency and in those cases where the 
design has been changed one factor at a time. 

Before presenting any illustrative examples, a de¬ 
scription of the method used for measuring noise is in 
order. It has been found that the human ear and judg¬ 
ment is adequate to measure the disagreeableness of 
noise if assisted by a standard for comparison. With 
this standard at one end and the motor being tested at 
the other end of a room designed with such absorption 
characteristics as to simulate the absence of walls an 
observer midway between the two noise sources is 
impressed equally by them if they are of the same degree 
of disagreeableness. This method is essentially analo¬ 
gous to the photometer. Contrary to the general 
impression, the personal error is small and measure¬ 
ments are consistent and adequately precise. In the 
absence of a commercially recognized unit an arbitrary 
scale has been used. The scale is an arithmetical 
progression of disagreeableness such that the noise of the 
quietest individual commercial motor is recorded as 
one and that of the noisiest commercial motor about five. 

The average of 28 tests on six different sizes of four- 
pole, three-phase, squirrel-cage motors with 36 stator 
slots, 7/9 winding piteh and 45 rotor bars, gives a noise 
reading 1.7 at no-load and 2.4 at full load. The increase 
in noise with load less rapidly than the primary current 
is increased would suggest as a cause the combination of 
primary harmonic fields and permeance fields except 
that some of the individual motors presumably with 
even gaps test 1 at no-load and 3 at full load which 
clearly points to a secondary harmonic field for at least 
one of the principal noise producing fields. The 23rd 
stator harmonic with 96 poles and only slightly damped 
by a 45-bar rotor winding, cooperating with the 94- 
pole rotor harmonic, the two differing by two poles, 
constitute the required condition for rotor vibration. 
The unbalanced pull is proportional to the product of 
the magnitudes of the two fields. As at no load the 
rotor harmonic field is zero, the motor is quiet. Under 
loaded condition both disturbing fields increase and 
hence the noise rapidly increases. 

The use of a 44-bar rotor changes the 94-pole rotor 
field into one with 92 poles differing by four poles from 
the 23rd stator harmonic. This constitutes the condi¬ 
tion for a rotating elliptical vibration of the stator. 
However, as the four-pole yoke section is for other rea¬ 
sons quite rigid there should be a distinct improvement. 
Tests have been made on 17 motors using this 44-bar 
rotor covering the same range in ratings but averaging 
30 per cent larger in horsepower. The average no load 
noise is 1.3 and the average full load noise is 2. Also, 
the distinct difference between no load and full load 
noise in individual machines has disappeared. 

A similar case relates to a group of small eight- 
pole, three-phase, squirrel-cage motors with 48 stator 
slots, 5/6 winding pitch, and 57 rotor bars. The aver¬ 
age of tests on 74 motors gives a noise rating 1.9 at no- 
load and 2.5 at full load. In this case the noise is 
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caused by the combination of the 104-pole primary 
harmonic and the 106-pole secondary harmonic. 
Changing to 68 rotor bars decreases the noise to 1.2 at 
no-load and 1.5 at full load as the average of 20 some¬ 
what larger motors. 

A group of six-pole, three-phase, squirrel-cage motors 
with 54 stator slots, 7/9 winding pitch, and 68 rotor bars 
test consistently 2 at no load and 3 to 4 at full load. 
The noise is caused by the combination of the 138- 
pole primary harmonic and the 142-pole secondary 
harmonic, which differing by four poles, constitutes the 
condition for elliptical vibration of the stator yoke. 
Changing to 66 rotor bars gives 1J^ to 2 at both no- 
load and full load. 

A group of small eight-pole phase-wound secondary 
motors with 54 stator slots, 8/9 winding pitch, and 48 
rotor slots, 5/6 winding pitch, both wound for three 
phase, was tested with a poor unsymmetrical primary 
grouping such as to introduce a backward revolv¬ 
ing fundamental field and both two- and four-pole 
sub harmonic fields with their harmonics. The com¬ 
bination of sub harmonic fields differing by two poles 
caused very bad rotor vibration. The use of a larger 
shaft reduced the noise. The arrangement of primary 
groups was next changed to eliminate the backward fun¬ 
damental and the two-pole sub-harmonic fields but 
leaving the four-pole sub-harmonic 'field. Using the 
original small shaft, the noise was reduced to 4. In this 
case the disturbing factors are closely associated with 
the fundamental field and its harmonics differing by four 
poles from the four-pole sub-harmonic field and its 
harmonics. The rotor vibration was practically elimi¬ 
nated but the stator vibration was still present. The 
stator was next made with a symmetrical win ding in a 
72-slot stator with a reduction in noise to 2. 

Several summarized general statements can be made 
based on this method of noise prediction and confirmed 
by tests. 

An eccentric air-gap is always a serious noise source 
as it introduces two new fields with two more and two 
less than the fundamental number of poles and thus 
tends to cause rotor vibration. In squirrel-cage motors 
with few poles these fields are partially damped by 
secondary currents. Ah increased air-gap usually de¬ 
creases noise at the expense of power factor as the 
permeance variations are decreased and also harmonic 
fields are less since if undamped they are proportional to 
the total current in the winding and inversely propor¬ 
tional to the gap. 

With otherwise equivalent design a motor with a 
phase wound rotor is usually more noisy than a similar 
squirrel-cage machine. The slip ring motor generally 
has fewer rotor slots with wider slot openings and hence 
the permeance variations are greater and of a lower 
order. In a slip-ring motor choice of number of rotor 
slots is more restricted. A squirrel-cage winding 
damps many more fields than a polar winding. In a 


slip-ring machine secondary harmonic and sub harmonic 
fields are frequently more serious. 

Noise is reduced by lower flux density if it is caused 
by fundamental or permeance fields. In this case the 
forces are proportional to the square of the fundamental 
flux density. Other fields depend upon primary or 
secondary ampere turns and may be decreased or in¬ 
creased by changed fundamental flux density. 

The use of skewed rotor slots is an effective means 
for correcting noise due to high order fields. It can be 
shown that the skew should be equal to an even number 
of poles as referred to one field of the pair which is the 
most serious noise producer. A skew of two poles is 
reasonably effective although four poles is very much 
better. This desirable skew is usually equal to the 
pitch of one or preferably two rotor slots. 

As until recently more than ordinary quiet operation 
has been a secondary consideration and as standard 
parts must be satisfactory for many ratings, there exists 
in every manufacturer’s line a variation in quietness of 
particular ratings and a lesser variation in individual 
machines. This will always be the case as the features 
which make the quietest machine are frequently in¬ 
compatible with other desirable features. 

Summary 

As a general rule subject to the usual imperfections of 
generalized statements, the avoidance of a backward 
fundamental field and pairs of fields of appreciable 
magnitude differing by two or four poles is conducive to 
quiet operation. Gaps must be even and concentric. 
Parts must be rigid and punchings tightly clamped. 
As a rule subject to imposing unnecessary design re¬ 
strictions and possible introduction of undesirable 
torque characteristics a motor will be quieter if the 
numbers of poles, stator slots, rotor slots, difference of 
stator and rotor slots, and winding repetitions bear 
simple multiple relationship and the motor is quieter 
the larger the greatest common divisor of these factors. 

Appendix A 

The radial component of air-gap flux density may be 
expressed in wave equation form as a series of trigono¬ 
metric functions of angular position and time. 

j3 = 2 0* cos (k x — 11 + Q) 

The summation is made for the several necessary values 
of k and l. 2 k is the number of poles of a given sin¬ 
usoidal component, 1/2 w is the equivalent frequency, 
and 0 is a general phase difference angle. 

Assuming that the radial force is proportional to the 
square of the radial component of flux density, 

F = (1/8 7r) [2 & cos (k x - 11 + 0) ]• 

This force is a function of angular position and time and 
can be expanded into a series of sinusoids. Let Fu. a be 
the coefficient of the ikf'th space order cosine term in 
the expansion of F. 

2w 

Fue — (1/8 7r 2 )/ [2 j8* cos (A: x—l f+0)] 2 cos M x dx 

O 
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Expanding the integrand, the general term is 

0i 0 2 cos {hi x — h t + 61 ) cos (k 2 x — l 2 t + 0 2 ) cosikf x 

in which hi and k 2 may be the same or different. 

F uc — 0 unless hi =b k 2 =b M = 0 in which case 
Fuo Oi 01 02 cos [ (Zi d= l 2 ) t + 0] 

The sign of l 2 is the same as that of k 2 which makes 
hi dr k 2 ± M = 0 

Likewise, if is the coefficient of the M'th space 
order sine term in the expansion of F, 

F oi 0 i 02 sin [ (h zb Z 2 ) t -f - 0] 

Thus F u ol 0i 02 cos ]M x — (Zi ± l 2 ) t + 0] 

For M = 1, u e with two fields differing by two poles 
there is a force simulating a mechanically unbalanced 
rotor revolving with speed h — l 2 tending to displace the 
rotor or stator as a whole. For M =. 2, i. e., with two 
fields differing by four poles there are forces balanced 
across any diameter, rotating with speed H (Zi — Z 2 ) 
tending to distort the rotor and stator into a rotating 
ellipse. Also a single two-pole field produces the same 
kind of force rotating at speed Z. Carrying out the sug¬ 
gested mathematical deduction in detail shows that in 
this case the proportionality constant is one-half that in 
the case of two fields with unlike numbers of poles. 
Similarly, with two fields differing by any number of 
poles or a single field of half that number of poles the 
rotating forces tend to deform the stator and rotor into a 
rotating polygon of like number of sides. Forces are 
proportional to the product of the absolute values of the 
offending fields. 

When the vibration is produced by a single field the 
noise frequency is twice the frequency of the field. 
When the force is produced by two fields their frequen¬ 
cies or direction of rotation must be different to cause 
noise producing vibrations. With two fields revolving 
in the same direction the noise frequency is the differ¬ 
ence in frequencies of the two fields. If the fields re¬ 
volve in opposite directions Z 2 is inherently negative and 
the noise frequency is the sum of that of the two fields. 
Since most fields are either exactly or nearly funda¬ 
mental frequency the most common noise frequency is 
exactly or nearly double applied line frequency. 
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Discussion 

H. C. Specht: The problem of building induction motors 
with a minimum of noise has caused the engineer a great deal of 
worry. In spite of all the theory that is known to us, keeping 
the undesirable noise out of the motor still remains a difficult art. 
I agree with Mr. Hildebrand that the unbalanced forces caused 
by harmonic fields are about tho most troublesome factors. 
Already Dr. Stiel, H. Fritze, and F. T. Chapman have shown this 
by a very detailed analysis and Mr. Hildebrand by his analysis, 
arrives at the same results. If this were the only cause of 
magnetic noise, it would seem to be a rather simple problem to 
design quiet motors. For ordinary service where the quietness 
of operation is not of so great importance, this rule alone may be 
sufficient. However, in recent years there have come up appli¬ 
cations, particularly for small motors, where an almost dead 
silent operation is demanded. For such motors we must take 
into consideration many other factors that enter into the problem 
of noise. 

One factor, and a very important one, is the skew of either 
the stationary or rotating member. In order to minimize noise 
and to obtain uniform starting torque in all rotor positions, most 
small induction motors are built with a skew. Unfortunately 
there seems to be no exact theory available as to what degree the 
rotor should be skewed. Mr. Hildebrand makes a statement in 
his paper that the skew should be equal to an even number of 
poles of ' those harmonics which are the most serious noise pro¬ 
ducers. I wonder if this can be accurately proved by an analyt¬ 
ical theory. So far, all the theory on harmonics is based on 
straight cores. 

I do not quite agree with the author that the teeth vibrate only 
axially and seldom tangentially. In my opinion this depends 
very much on the width and length of the teeth. It has been 
my experience that short, wide teeth give less noise than long, 
narrow ones. Since the laminations were of the same thickness 
the axial vibration would not change materially; therefore 1 
assume it can be only the tangential and radial vibration. No 
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doubt the zigzag leakage in induction motors has a great bearing 
on the noise. The vibration of the teeth as well as the tooth tips 
may be tangential as well as radial. I have tried motors with¬ 
out dipping them in varnish or bakelito so that the laminations in 
axial direction could move fairly freely. However I have noticed 
only a slight difference compared with motors that were dipped 
and baked having a more rigid body. This seems to me also 
somewhat of a proof that the axial vibration of tho tooth is 
bothering only a little, if at all. However, axial vibration of the 
rotor may be of a serious character if the laminations are not 
built up accurately at right angles to tho axis or if the eoro is 
skewed considerably. Furthermore, we assume in our theory 
that the air-gap is always uniform; as a matter of fact, this is 
seldom true and particularly not when the surface is not ground 
to size. It should be remembered that the air-gap in induction 
motors is very small, varying in size from 0.010 in. upwards, 
depending on the size and speed of tho motor. As a rule, 
manufacturing tolerances of 0.002 of an inch or more have to be 
allowed; this is certainly a great percentage of the specified air- 
gap. On motors with a larger number of poles this is not so 
serious but, for example, on a four-pole motor, which is about the 
most common case, the unbalanced pull due to this irregularity 
would be quite considerable. 

Another important factor in the problem of noise is the 
mechanical construction as a whole and tho mounting of the 
motor. If there are periods of natural frequencies that are in 
resonance with any frequency of the magnetic vibrations, tho 
noise may be amplified to a very objectionable degree. For 
example, a thin east iron housing, round in shape, with end 
brackets of a bell shape, will have periods of natural frequency 
which very often happen to be in the order of the magnetic noise 
frequencies. If this is the case, the original noise may be ampli¬ 
fied many times. On the other hand, if the motor is to be 
mounted on a construction which has a natural frequency some¬ 
where near the various frequencies of the vibrations in tho 
motor, the noise may be increased torrifieally. As an example*, 
we may take this case of a blower motor for an oil furnace; in this 
case the motor is usually connected directly to the oil burner 
structure. It is surprising how noisy a motor, which on tho tost 
bench in, a noise-proof room was found to be very quiet, would 
sound running mounted on an oil burner. Tho same difficulty 
was experienced with motors for household rofrigorators and 
therefore most of the manufacturers have adopted flexible 
mounting, using springs or material of a flexible nature. For 
such quiet operation it will also bo necessary to keep the flux 
density in the gap and iron parts very moderate. 

There are many moro factors that have to bo considered in 
order to obtain real quiet motors but the few points I have 
brought out may bo sufficient to show that the problem of noise 
will remain a vory difficult one. Nevertheless, this should not 
discourage us, for by carrying on the study wo may succeed some * 
day in predetermining the quietness of a motor. Also, it seems to 
be very desirable to have more papers on the subject, of noise 
brought before the Institute in the future for discussion. 

R. E. Hellmund: A careful study of Mr. Hildebrand's 
paper reveals that the paper covers in terse statements, either 
directly or by inference, a very largo percentage of all the causes 
of noise in motors as well as the factors entering into the problem. 
For this reason, tho paper is a very valuable contribution to the 
art. 

Somewhat contrary to Mr; Hildebrand's opinion, I am rather 
inclined to believe that tho scarcity of papers on this subject is 
not so much due to the fact that the master has not boon held of 
sufficient importance in the past, but rather to the fact that this 
problem of noise is a very difficult one as far as correct analytical 
determinations are concerned. It is truo that the requirements 
for quiet operation of machinery are becoming more rigid right 
along; nevertheless, noisy motors have been a problem with the 
designers of motors for a great many years. In addition to the 


many factors referred to in the paper, others can 1m; mentioned, an 
example being the great influence of the weight and mass of the 
parts, a point scarcely touched upon in the paper. The principal 
difficulty is that many of tho factors covered in the paper by one 
or two sentences would require for their complete analysis cal¬ 
culations and explanations filling several pages. 

One fact that makes tho analytical study of noise in the induc¬ 
tion motor particularly difficult is that the fundamental fluxes, 
as well as certain of the harmonic fluxes ami their influence upon 
noise, are considerably affected by the damping actions of the 
secondary, while certain other harmonic fields, especially those 
caused by zigzag leakage, are not subject to any damping effects. 
This makes it necessary to study very carefully not only the 
causes and characteristics of the various fields but also the damp¬ 
ing effect to which they art' subjected. This may he readily 
demonstrated by discussing a few simple examples. 

Lot us consider first the simple case of a two-pole motor and 
assume that it lias a squirrel-cage secondary with very low re¬ 
sistance. In this ease, with tho motor running, all harmonic 
fields caused by improper chording of polyphase windings or im¬ 




proper distribution of single-phase windings, that is, alt differ¬ 
ential leakage fluxes, are damped out. Furthermore, the 
secondary will damp out any irregularities in the fluxes which 
might lm caused by irregularities of the air-gap. As a conse¬ 
quence, there will be no unbalanced magnetic forces on the rotor 
from such causes, mid therefore no noise From these causes. 
This is, of course, under the assumption that the main flux is not 
able to distort tho rotor elliptically, an assumption which is 
usually comet with the very deep and therefore stiff putiehings 
of two-polo motors. The main tlux while rotat ing can, of course, 
also elliptically distort the stator punching* and thus cause 
noise. However, here again tho relatively deep arid stiff punch- 
ings of the stator are of considerable assistance in eliminating 
noise. I do not know of many eases where noise has been traced 
to the elliptical distortion of two-polo stators in induction motors 
by the main flux, but T have run across a number of eases whore 
elliptical stator distortion has been responsible for noise in some 
two-pole induction regulators. 

As previously mentioned, the damping effect of tho rotor does 
not influence the zigzag leakage fluxes. Figs, 1, 2, 3, and 4, 
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Plate A , show these zigzag leakage fluxes for the case of a two- 
pole motor .with one slot less in the rotor than in the stator for 
four different relative-tooth positions. The four figures show 
the differences caused by moving the rotor one tooth pitch. 
It can be readily seen from these figures that the zigzag leakage 
fluxes are very much unbalanced and that the unbalancing 
rotates 360 deg. around the circumference and fluctuates in 
amplitude while the motor moves one tooth pitch. I have found 
quite a number of cases where this or similar unbalance has 
caused vibrations and noise in fractional horsepower motors 


Plate B 

Fig. 1 Fig. 2 

either by a deflection of the shaft or by looseness of the bearing. 
This condition is especially likely to result in noise with friction- 
less bearings having slight clearances. A difference of one slot 
between the stator and rotor has been chosen here as an extreme 
case. Such a condition is not likely to occur in practise, but 
similar conditions, although less extreme, may exist with any odd 
number of slots in the rotor, a construction which has been fre¬ 
quently employed in the past in order to avoid dead points under 
starting conditions. With the greater masses in large motors, 
this condition is of course less likely to cause noise. Neverthe¬ 
less, it is nearly always safer, especially in small motors, to use 
an even number of slots in the rotor. ’ Figs. 1 and 2, Plate B, 
indicate that in this case the zigzag leakage is always balanced. 
With uniform air-gap it is of course possible that in both Plates A 
and B the zigzag fluxes will bring about distortion in the stator 


Plate C 

Fig. I Fig. 2 

and, especially in Plate B , an elliptical distortion would seem 
possible, assuming that the stiffness and mass of the stator are not 
sufficient to counteract such tendencies. 

So far, low secondary resistance has been assumed. As soon 
as rotors with high secondary resistance are used, certain nndn 
flux unbalanced conditions are possible, as well as the existence 
of winding harmonics or differential leakage fields. Not only 
will such conditions be influenced by the total secondary resis¬ 
tance, but a certain influence upon the various fields will even be 
caused by the distribution of the total squirrel-cage resistance 
between the bars and the resistance rings. It is therefore evident 
that with partially damped main flux irregularities, partially 


damped differential leakage fields, and undamped zigzag leakage 
fields, the final outcome is rather difficult of correct analysis. 

As indicated in the paper, with wound secondary the damping 
effects are again different from and generally not as good as in 
squirrel-cage motors. On the other hand, certain favorable 
balancing effects, especially with regard to the main flux, can be 
obtained by connecting oppositely located stator or rotor 
winding groups in parallel, and the existence of differential 
leakage fields can of course be greatly minimized by proper 
chording and winding distribution. 



Plate D 

Fig. 1 Fig. 2 


So far, we have essentially considered a two-pole motor, but 
several of the statements apply to motors of four poles as well. 
On the other hand, there are certain differences which must be 
taken into account. Plate C, for instance, shows a two-pole 
motor with eccentric rotor and no damping effect upon the main 
flux. It is evident that, no matter how unbalanced the air-gap 
may be in a two-pole motor, the total flux leaving and entering 
the rotor on two opposite sides thereof must be the same if the 
center of the flux is as shown in Plate C, Fig. 2. However, 
with the center of the flux as shown in Fig. 1, certain unbalances 
are possible. This means that with the eccentric and varying 
pull on the rotor bearings, there is again the possibility of rotor 
vibration and noise. In Plate D, an equivalent four-pole motor 



Plate E 


is shown, and in this case the eccentric pull on the rotor is always 
present and reasonably uniform in the same direction, which 
therefore means that with a four-pole motor less noise might be 
expected from this cause. 

The main flux distorting effect on the stator of motors having 
four or more poles should, of course, be less if we assume the same 
stiffness, because such distortion is no longer elliptical. On the 
other hand, the distortion caused by zigzag leakage fluxes may be 

ellintical. as shown in 7? fnr fl/n AVAn nnrn'Vwat* nf mtnv elr\fc 
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As in the case of the two-pole motor, the zigzag fluxes, however, 
are balanced with regard to the rotor and therefore should not 
cause any rotor vibrations. Plate F shows a four-pole motor 
with one less slot in the rotor than in the stator, and here the 
conditions are much the same as with the two-pole motor having 
the same number of slots, indicating the possibility of rotor vibra¬ 
tion in small motors. 

Examples of the different possibilities can be multiplied in¬ 
definitely, but it is believed that the few examples given will 
indicate the great many possible varieties and give a somewhat 
clearer picture of some of the conditions to those not familiar 
with the superimposition of various harmonic fields of different 
types. 


Plate F 

Pig. 1 Pig. 2 

While, as pointed out, there are distinct difficulties in com¬ 
pletely analyzing noise tendencies, it nevertheless seems de¬ 
sirable to devote a good deal of further attention to this subject 
and to work up various additional papers and calculating 
methods. Even data collected relating to the predominating 
causes of noises in different types and sizes of motors should 
prove of value as they would reduce the analytical work neces¬ 
sary for the various ranges of size in individual typos of motors. 


Plate P 

Pig. 3 Fia. 4 

R. L. Youngs We have been following motor noise charac¬ 
teristics closely for the past 20 years or more. It seems obvious 
that when a number of machines ranging perhaps up to 75 hp. are 
to be put in an office near where a wire chief’s staff must carry 
on telephone testing, they must be reasonably quiet. Further, 
it is often desirable to run these machines all night and some 
central offices are located in residential districts where a very 
small noise is noticeable while people are trying to sleep. A 
great deal of work, therefore, was done in cooperation with the 
manufacturer during 1911 and 1912 involving trials of skewed 
slots, reduction of windage, low magnetic saturation, prime 
rotor slots, and other features. Finally, a very satisfactory line 
of induction motors was evolved, although there were as many as 
a dozen different designs of a single size, for example 20 hp. 
built up before the desired results were obtained. It might be 
mentioned that these highly satisfactory results were obtained 
at that time largely through the work of Mr. F. J. Rudd and 


others in the same engineering organization to which the author 
belongs. 

The difficulty mentioned by the author in securing a suitable 
method of noise measurement was experienced and finally two or 
three representative motors were picked out, which were run 
under specified conditions, as standards of maximum noise. 
They were polyphase motors run single-phase to make a fair 
amount of noise, aud test inspectors were told that all the motors 
accepted must sound at least as quiet as these. If the work were 
being done now, however, I believe we should consider the audi¬ 
ometer recently developed by the Boll Telephone Laboratories 
which has been used with success in measuring certain mechanical 
noises. If desired it would appear practicable to make a phono¬ 
graph record from a typical motor and use this as a standard of 
comparison in terms of which other motors could be rated, with¬ 
out the necessity of operating the standard motor during tests. 

At. present the noise situation isn’t so acute. With the coming 
of the dial central offices, which require considerably more power, 
it is usually desirable to have a separate machine room which is 
now seldom located in the part of the building where the wire chief 
has to test or where the commercial department may have offices. 
Another complication, however, has arisen, resulting from tin* 
practise of power companies in gradually putting into effect 
requirements for higher power factor. Induction motors are 
likely to chaw penalties, since they don’t have very high, power 
factors, particularly if run at light load for parts of the day. 
It is then necessary, in general, to use some synchronous motors 
to bring tlie average up to perhaps 85 or 90 per cent. 

The synchronous motors have boon found to be very much 
noisier than the specially quiet induction motors formerly 
used. This is to be expected, since, to mention a single feature, 
they have salient poles which make a considerable whistle as they 
pass the ventilating openings, and the design has apparently not 
received much attention to secure quiet operation. The large 
increase in noise has led to some unfavorable comment. 

This brings me to the question that 1 should like to ask tlie 
author, assuming that the synchronous motor is nearly enough 
like the induction motor to benefit in some degree by the studies 
of quiot operation made for the latter. I should like to know 
what the possibilities are of obtaining quiot synchronous motors 
in sizes from 25 to 100 lip. 

0- Graham * The methods employed by Mr. Hihlobrand 
in tho study of induction motor noise are applicable to other 
types of machines. I have been interested in similar noise prob¬ 
lems in synchronous motors and generators and have found the 
study of various harmonic fields to bo fruitful. In largo syn¬ 
chronous machines using fractional slot windings the sub har¬ 
monics arc particularly troublesome unless care is taken in the 
selection of the mini her of stator slots. 

As pointed out in the paper a table of the orders of tho existing 
harmonics will show very quickly whether or not the possibility 
of trouble exists, although a quantitative examination of these 
harmonic fields is necessary before ono can be sure that trouble 
will occur. Jt sometimes happens that two sets of forces exist, 
each of which alone is capable of producing elliptical vibration, 
although their phase positions may be such that they nearly 
cancel one another, and a quiet machine results. I have in mind 
a case in which a two pole sub-harmonic field was present, but 
the machine was noticeably quiet. Further analysis showed that 
there was also a pair of fields differing by four polos, whose sum 
almost completely cancelled the effect of the two pole field. The 
outcome is less fortunate if the two kinds of fields happen to-be 
in phase instead of being out of phase. 

It has been found that the question of resonance is important 
in large machines. Calculations and measurements of the vi¬ 
brating periods of stator structures have shown tliat it is quite 
possible to get natural frequencies in th* range of 120 cycles 
per second, which is the frequency of the major flux pulsations 
in 60-cyele machines. 
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Another point of difference between the large diameter multi¬ 
pole class of machines and the smaller motors with few poles and 
relatively rigid stators is that in the former a force distributed 
in four poles or even more may give trouble. Mr. Hildebrand 
points out the source of such forces in his statement covering 
the force polygon with g/2 sides. 

One further difference which I believe exists between the 
synchronous machine and the induction motor noise problem is 
the absence, in synchronous machines, of the case in which the 
offending fields differ by two poles. It seems to me that this 
type of unbalance requires primary and secondary members with 
different numbers of phases. The synchronous machine, in 
addition, has another type of magnetic noise not dependent upon 
stator current which produces sounds in the range of slot 
frequency. 

C. A. M. Weber: The noise problem which is covered in 
part by Mr. Hildebrand is not a new problem but rather a prob¬ 
lem which is receiving more consideration today than formerly 
because the public is rapidly becoming more noise-minded. 
.Designers have always considered noise problems in connection 
with their designs but in view of the increasing demand for 
quieter motors, designers have had, during the past few years, a 
greater incentive to investigate the question of noise in rotating 
electrical machinery. 

As an illustration of the importance of this matter I wish to 
mention that the National Electrical Manufacturers Association, 
at its last annual meeting, appointed a committee to investigate 
tie question of noise instating electrical machinery particularly 
from the point of view of the various instruments and devices 
available for the purpose of measuring such complex noises as 
occur m rotating electrical machinery. 

Such contributions as the author’s paper and the ensuing dis¬ 
cussion and future papers on this subject will be of considerable 
assistance to this committee of the National Electrical Manufac¬ 
turers Association. As a member of this committee I feel that de¬ 
signers familiar with the noise problem in rotating electrical ma¬ 
chinery should be encouraged by the Institute and others to write 
papers on this subject and to enter freely into discussions of the 

Wfi U A Ph ff eSOf n0IS6S0 that this oommitt ee and others may 
heneht by the many years of experience of designers in reducing 
the noise m rotating electrical machinery. 8 

eWiViii FeC ^ helmer: In ^ anaIysis of problems of 
electrical machinery, we must consider three sources: 

1. The noise due to windage,* 

2. The noise due to the main magnetic flux; 

3. The noise due to the leakage fluxes. 

wh2w -T a b - r , 6adily separated in machine. To determine 
1S t Wlndage n01Se> tbe machine can be run at normal 
Pdwithoutany excitation. For the induction motor it means , 
that the machine is run up to normal speed without any load and ' 
then disconnected from the circuit. For the synchronous and i 
othOT machines, of course, the method is obvious. 

by iitCthe 6 .* 0 5® magnetie flux oan be determined , 
co ffl ri! L h machine without any load. Then, as the load s 

so fttmOdT T ? et r*? ne wh6tber tke noise is increased and if 1 
so at would be due to the leakage fluxes. , 

L. E. Hildebrand: The discussion has indicated that some ^ 


parts of this paper are too brief. As Mr. Hellmund has pointed 
i out the last three paragraphs of that part of my paper under the 

I general subject of magnetic forces contains cither by torso stalc- 

1 ment or inference a skeleton for the analysis of the air-gap flux 
? which leads to an understanding of the magnetie forces. My 
method is to use the approximate so-called magnetic Ohm’s law 
3 to express the magnetomotive force and the permeance each as 
s trigonometric series in wave equation form. Tho product of 
> these two series gives an indication of the number of poles and 
} equivalent frequency of the principle harmonic fields together 
L with an indication of the magnitude. Of course as has boon 
l pointed out both in my paper and by Mr. Hellmund, damping 
must be considered. Mr. Hellmund’s diagrams show pictorially 
and physically rather than mathematically what these harmonic 
fields are like. 

With regard to Mr. Speeht’s discussion, his observation of 
tangential vibration of teeth will lead mo to watch more closely 
for such phenomena. His question with regard to skewed slots 
may be answered generally by a reference to tho force equation in 
the appendix. If we consider that this equation expresses the 
force on one lamination, add a phaso angle to take care of the 
other laminations and then integrate the expression axially, 
the result indicates that the radial foreo has been broken up into 
a main force and a couple. The ease is exactly analogous to two 
unbalanced weights instead of one. If tho rotor slots are skewed 
exactly two polos as referred to one of the offending fields, the 
mam force is eliminated but there still exists a couple tending to 
shake the rotor. If the rotor is slcewod four poles both the main 
force and the couple are eliminated, i. c., the easo is analogous 
to three rotating weights. 

A statement has been made with regard to tho avoidance of an 
odd number of slots with which I cannot agree. Wo may eon- 
sider a case in jvhieh the poles, stator slots, and rotor slots ‘an, all 
divisible by three. Whatever is happening on one radius at one 
instant is also happening on two other radii spaced exactly 120 
degrees at the same instant and the forces are balanced as a “Y” 
connected system. In this ease the number of slots can bo odd. 

i ^ Y " ung ’ s with regard to synchronous machines lias 

already been answered in general by Mr. Graham. The same 
generai methods of analysis and detailed study will make a quiet 

w jest m , e °, r m,tor - Th ° ,naiu «<■» <i<> it 

by detailed analysis rather than by rule of thumb methods. 

In re pIy to Mr. Bela Gati’s question regarding tho generation 

2^ed Of coZ° me V0U ^ en0 mah Phonomenou has been ob- 
So ? u°r e any v * rat,on must produce a voltage distor¬ 
tion but of what magnitude and frequency I do not know. 

I am indebted to Mr. Graham and others for pointing out an 

23rd r h», he —* oo ampl6 giVen under tbo object of test. The 

St mZIT 18 f ’ “°S 96 P0les ' But Smeral reasoning 
not matemily changed. The 23rd harmonic with 02 poles 

foSriraf P ° lea / rom the 94 P° l0 r °tor harmonic fiehUud 
stelfchl a f ° r , r ° t0r ^rutiou- Changing to 44 rotor 
slots changes the 94 pole rotor harmonic to a 92 polo field which 
by cooperation with the 23rd harmonic constitutes a «uiI S 

very'serious^ 1011 aeeording to results certainly is not 
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T HE summer of 1928 saw the first concerted effort, 
likely to bring results, to determine the exact 


— - ~-v*v,u^xxxxixxt3 l/UC CAclCl/ 

characteristics of lightning disturbances on high- 
voltage transmission lines. ^ This was made possible 
by the development of the cathode ray oscillograph, 
the only available device for making complete records 
of voltage transients of the speed of lightning surges, to 
the automatic stage so that it will respond to and record 
transients whose time of occurrence cannot be foretold. 
An outstanding contribution in this application of the 
cathode ray oscillograph was made by Dr. Norinder, 
whose development permits the oscillograph to be 
energized prior to the time of an expected transient 
and which acts as its own relay to record any chance 
lightning surge in its entirety. This instrument was 
briefly described at the Winter Convention of 1928.* 
During the lightning season of 1928 the Westinghouse 
Company, in cooperation with the Aluminum Company 
of America, set up and operated two stations with such 
oscillographs on the 154-kv. Cheoah-Alcoa transmission 
me in Tennessee. One oscillographic record of a 
natural lightning transient was secured in this pre¬ 
liminary investigation. This first year’s work proved 
the adequacy of this type of recording apparatus and 
laid the foundation for further effort in 1929. 

. preliminary work had also been done in the 

investigation of the behavior of transients on a trans¬ 
mission line using a surge generator, cathode ray os¬ 
cillograph and a five-mile, 22-kv. idle line loaned by the 
Duquesne Light Company.* This work also has been 
continued on a much greater scale on a 220-kv. idle line 
with a one million-volt portable surge generator and a 
portable cathode ray oscillograph of the Norinder type. 

The complete lightning problem on transmission 
lmes may be divided into three phases. The first is the 
nature of natural lightning surges as they occur on 
lmes, and this must be determined by collecting data 
on the characteristics of this phenomenon by means of 
automatic cathode ray oscillographs connected to lines 
during sto rms. The second is the behavior of such 

PitSS^a 86 EIe0tri ° & Manufaetui *« Company, East 
1. For references see Bibliography. 
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, transients on transmission lines and is to be determined 
' by applying controlled surges to a line from a surge 

• generator and measuring them under various circuit 

* conditions with cathode ray oscillographs. This 
method of studying the second phase of the problem is 
made necessary by the infrequent occurrence of natural 
lightning transients. The third phase of the problem 
is the impulse characteristics of insulation, apparatus, 
arid protective devices used on transmission syst ems. 
This, of course, is best determined by laboratoiy studies 
with a high-voltage surge generator and a cathode 
ray oscillograph. 

1929 Lightning Program 

Laboratory investigations with surge voltages have 
been in progress for several years, as has been the study 
of lightning on transmission lines by means of the 
klydonograph. In 1927 and 1928 the field studies of 
lightning and controlled surges was given greater 
impetus by the use of the cathode ray oscillograph. To 
complement the laboratory work with adequate fi el d 
activity on the problem, the following program of field 
lightning investigations during the season of 1929 was 
entered into with the cooperation of the operating 
utilities mentioned below: 

1. Aluminum Company of America. The two 
stations on the 154-kv. Cheoah-Alcoa transmission line 
in Tennessee to study natural lightning, and operated 
m 1928, were continued. 

a ? ublic Service Company of Northern Illinois. 

A third field laboratory similar to those in Tennessee 
and to study natural lightning, was installed on the 132- 
kv. Joliet-Chicago Heights line in Illinois. 

3. American Gas & Electric Company. A fourth 
field laboratory similar to those in Tennessee, and to 
study natural lightning, was installed on the Turner¬ 
's* 11 section of the 132-kv. system of the Appalachian 
Electric Power Company in West Virginia. 

4. Public Service Electric & Gas Company. A fifth 
laboratory was installed on the 220-kv. Bushkffl- 
Roseland line in New Jersey, for the purpose of study- 
mg both natural lightning and controlled surges* 

Experience.in Tennessee during 1928 With the first 
design of Norinder type oscillograph suggested certain 
modifications in design, which would further imnrove 
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the quality of the records, make the instrument more 
convenient and flexible in operation and amplify the 
construction. The new oscillograph was designed by 
Mr. O. Ackermann and is described by him in a com¬ 
panion paper presented at this Convention.* In the 
1929 program the three original instruments, with 
certain refinements, were used in the two Tennessee 
stations and the Chicago station. Instruments of the 
new design were used in the West Virginia and New 
Jersey stations. 

The stations, with the exception of that in New 
Jersey, were essentially the same as described in the 
Fortescue, Atherton, and Cox paper in that they con¬ 
sisted of a cathode ray oscillograph connected through 



by mounting in an automobile trailer and in addition 
a mobile surge generator good for one million volts and 
built oh a second automobile trailer was provided. 
Both of these equipments were made entirely self- 
sustaining by the provision of independent power supply 
units consisting of mobile gasoline engine generator 
sets. Either equipment could be moved to various 



Fig. 2—Stationary Lightning Laboratory 
Tower 89, Joliet-Chicago Heights Line, Illinois 


points along the line for the generating or recording of 
controlled surges with the oscillograph always available 
for the recording of natural lightning. 


a 



Fig. 1 — (a) 750-Kv. Lightning Surges Recorded, at Chil- 
howbe, Tennessee, in 1928 
(b) Surges shown in (a) Replotted to an Extended 
Time Scale 


Potentiometers 

In the stations erected in 1928 a parallel pipe type of 
potentiometer was used consisting of three 8-in. iron 
pipes 10 ft. long mounted with suspension and apparatus 



Fig. 3—Cathode Ray Oscillographic Equipment of 
Lightning Laboratory 


a potentiometer to the most exposed line conductor, 
supported by ldydonographs connected to all three 
conductors at the cathode ray oscillograph station and 
at a short distance on either side, and other accessories. 
The line on which the test in New Jersey is being 
conducted, being in the state of construction and 
therefore without load, presented a rare opportunity 
for the pursuit of the second phase of the lightning 
problem, that of the study of controlled surges, in 
addition to permitting the recording of natural light¬ 
ning transients on the highest insulated line in existence 
in this country. For this reason the oscillograph with 
all accessories at this location was made entirely mobile 


Interior of station shown in Fig. 2 

type insulators as in Fig. 2. In those stations erected 
in 1929 a potentiometer consisting of iron rings sus¬ 
pended entirely with suspension insulators was found 
to be more convenient. These potentiometers are 
illustrated in Figs. 4a and 5. It has been found by 
experience both in the field and in the laboratory, that 
a potentiometer suitable for this sort of work should 
have as high a capacity as possible without exerting 
appreciable influence on the transients being studied. At 
bestleakage currents under rain conditions, corona under 
high-voltage conditions, and changes in surrounding 
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objects, somewhat modify the potentiometer mul¬ 
tiplying ratio. The error involved is not considered 
to be sufficient to justify elaborate precautions for use 
in klydonograph tests, but in cathode ray oscillograph 
tests where the greatest accuracy possible is justified, 
the rings were made quite large and the upper ring on 
the potentiometer was made out of 4-in. pipe to keep 
down the influence of corona at high voltages. The 
most accurate type of potentiometer has been found 
to be a non-inductive resistance; therefore, this type 



* 4—Lightning Laboratory at Htillwatkr, Nkw Jbiihky 

(a) MChile,* cathode, ray oscillograph laboratory 

(b) 1 uteri nr of oscillograph laboratory 

<c) LiKlitniiiK station uliowini? oscilloKntj.li laboratory, jtoltmtiomotorH 
and living quarters s 

(d) Mobile surge generator extended for use 

has been used in the tests on the idle 220-kv. line. Of 
course this type of potentiometer is not feasible on 
energized lines. 

Time Scales 

The first Norinder oscillograph used in these field 
investigations was equipped with a moving film, a high 
speed being secured by revolving the film on a drum 
spinning at between 6000 and 8000 rev. per min. This 
permitted a time scale of about 400 microseconds to the 
inch and provided a simple method of timing. In the 
earlier work this had some advantages as the length of 
the lightning transients expected was not known and 
the scheme had been used successfully by Norinder. 
The revolving film drum has proved useful in the 
measurement of switching surges of long duration. 
However, the moving film has proved to be too slow 
for detailed study of lightning or artificially generated 
transients. Consequently, in the 1929 investigation 
the film was left stationary and the timing axis was 
provided by a high-frequency oscillator according to the 
method of Harrington and Opsahl.* This permits great 
flexibility in timing with possible speeds much faster 
than have been found necessary for any type of work, 


thereby securing detail; it also has the advantage of 
combining this fast timing with long duration due to the 
fact that the time scale can double back upon itself 
repeatedly, thus recording the entire transient and any 
subsequent reflections that may occur. It has one 
disadvantage in that the records, if they are long, may 
become complicated because of the repeated crossing of 
the film but this is overshadowed by its advantages, 
particularly as it is a simple matter to replot the records 
to Cartesian coordinates, as has been done in Fig. 7, 
assuming the frequency of the timing oscillator is 
properly chosen. It has been found that for the re¬ 
cording of natural lightning disturbances a sweep across 
the film in 10 microseconds is satisfactory in that it 
gives detail and records the entire transient without an 
objectionable number of crossings of the film. 

Another method of timing is by the use of a circuit 
which will sweep the beam across the film only once, 
thereby providing a linear time scale. This method has 
a disadvantage in that the record embraces only such 
phenomena as occur during one passage of the beam 
across the film. Moreover, to secure a complete record 
it is necessary to initiate the timing sweep without 
delay when the transient occurs, otherwise the beginning 



J<io. !) Oii ad n ;nt Station nbak ( 'iiiuiiiwek, Tknnkmhbb, 

HUOWINCJ KI.VDONOdlf AP1I AIM'D PoTKNTIOMKTKRH 

of the disturbance may be lost. However, where the 
order of duration of the expected transient is known, and 
provided a system can be secured which produces the 
sweeping movement with negligible time delay, the 
inconvenience of replotting each record may be avoided 
by the use of this time scale. A relay of the Norinder 
type because it acts with zero time delay lends itself 
very well to such a timing method as is described in the 
contemporary Ackermann paper. This has been found 
very useful in studying controlled transients where the 
test can be repeated at will, and the time scale adjusted 
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to the best advantage. Furthermore, now that the 
approximate duration of lightning transients is known, 
it is probable that our future investigations of natural 
lightning will be conducted with this method. 

Gradient Stations 

In addition to the equipment connected to the line in 
Tennessee, four antennas were erected and connected 
to ldydonographs through potentiometers for the pur¬ 
pose of gaining additional information on cloud field 
gradients. Two of these were 10 ft. above the earth and 



Fig. 6—Oscillograms or Lightning Surges Taken on 
220-Kv. Link 

the other two were 20 ft. above the earth. One of each 
height was installed on the mountain top and one of 
each in the valley. Because of the relatively less 
importance of gradient data the installation of cathode 
ray oscillographs at these stations was not considered 
justified and only klydonographs were installed. Al¬ 
though there was a large number of storms there were 
not many records. The maximum gradient recorded 
was 20 kv. per ft. and this appeared uniform as the 
gradient indicated by the high and the low antennas 
was the same. 

Lightning Surge Records 

Considering the fact that in 1928 only one surge was 
obtained with the two stations in Tennessee, remarkable 
progress was made in 1929. A large number of records 
of transients of various magnitudes has been obtained. 
A striking feature of the season’s work was the absence 
of lightning surges during the spring and early summer 
at the locations of the stations. All the records obtained 
were recorded after July 15. Typical examples of the 
surges recorded are shown in Figs. 6 and 7. Of particu¬ 
lar interest is the surge shown in Fig. 6a and replotted 
in Fig. 7a. In this case the wave front increased at the 


rate of 143 kv. per microsecond. The voltage rose 
considerably beyond the range of the film at the 
particular setting used and at approximately 12 micro¬ 
seconds a flashover occurred on an adjacent conductor 
reducing the voltage on the conductor to which the 
oscillograph was connected to one million volts, after 
which it decayed to 600 kv. at 55 microseconds. At 
this point the reflected wave arrived from the far end 
of the line where it had flashed over a non-inductive 
resistance located at that point, thereby modifying the 
original tail of the wave. It appears from this record 
that the voltage on the conductor studied rose to the 
order of 2,000,000 volts before the flashover on the 
adjacent conductor took place and did so in the order 
of 12 microseconds. After this, had not the reflection 
modified the surge, it would have remained above half 
value for the order of 75 microseconds. This is one of 
the longer waves recorded but is typical of most of the 
surges measured as is apparent from Fig. 9, which shows 
a group of typical records replotted to the same linear 
scale. The principal characteristics of these surges are 



a 



Fig. 7—(a) Surge shown in Fig. 6a Redrawn 
( b) Surge shown in Fig. 6b Redrawn 

presented in tabular form below the figure. It should 
be noted that the slopes of both fronts and tails are 
very much alike for the surges shown in Fig. 9, and this 
is also true for those which have been recorded but 
which are not included in this figure. Furthermore, 
the surge recorded at Wallenpaupaek in 1928 and pre¬ 
sented at the 1929 Winter Convention 2 had the same 
general shape. The surges recorded indicate that the 
lower valued surges are shorter in duration than those 
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of the higher voltages. Of the waves recorded the fronts 
have varied from two to ten microseconds, the durations 
above half value from 10 to 75 microseconds, and 
voltages from just above line voltage to beyond the 
range of the instrument at the calibration used. 

The field experience of 1929 further substantiates 
the statement made at the last Winter Convention 1 



lightning on transmission lines. Instead of there being 
two entirely different types of important surges, the 
induced stroke amenable to control and the direct 
stroke entirely beyond control, it how appears tha t 
there is no pronounced demarcation and that protection 
is a matter of degree. This being the case it seems 
hopeful that protection methods may soon be extended 
to include those occasional severe strokes which now go 
beyond control. 

Switching Surge Records 
Although previous klydonograph tests have shown 
that switching surges are not of sufficient magnitude 
to be important on properly insulated transmission 
systems, tests were also made to determine the charac¬ 
teristics of such surges. The first records showed that 
the time scale frequency used for lightning was entirely 
too fast and the records obtained crossed the film so 
many times that they were difficult to analyze. Ex¬ 
amples of such records are shown in Fig. 10. Subse¬ 
quent tests were made using the rotating film drum as 
discussed above and oscillograms taken in this manner 
are shown in Fig. 11. The striking feature about these 
records is their duration, which is extremely long 


0 W 20 30 40 

MICROSECONOS 

b 

Fig. 8 (a) 45-Kv. Lightning Surge on 220-Kv. Lii 
( b) Surge Replotted to Linear Time Scai 

that those surges which have voltages and duratior 
high enough to be dangerous on high-voltage lines ar 
caused by direct strokes, and that induced strokes ai 
innocuous, except perhaps on the lower voltage circuil 
such as distribution lines. This is indicated by visui 
observation of many severe strokes close to the line an 
station which did not cause surges and by the sma 
number of surges per storm. It is also indicated b 
instances of surges recorded which were known to b' 
caused by direct strokes. These particular record 
conform in characteristics to the general type of sura 
recorded and from theoretical considerations it is no 
logical that direct stroke and induced stroke surgei 
should be similar. It is unlikely that induced transient! 
would have the steepness of front, magnitude, and dura 
tion of the higher voltage records. The authors believt 
that some of the smaller surges, which were shorter ir 

theMne* 1 ’ may haVe been indueed b y strokes neai 

The conclusions that all important surges on high- 

***- Caused . by direct str <>kes somewhat 
modifies, the point of view formerly held regarding 



Fig. 9—Typical Lightning Surges Recorded with Cathode 
Ray Oscillographs 
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compared to that of lightning surges. It is interesting 
to note the step-like form of these surges, due to suc¬ 
cessive reflections from the line ends, showing the 
typical surge charging or discharging of a line. Further, 
the low value of these surges confirms the conclusion 
based on klydonograph tests that switching surges are 
not of dangerous magnitude, the .normal crest voltage 
to neutral on this line beine 108 kv. 
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Application of Lightning Data 
The particular significance of the lightning data thus 
far obtained is their relationship to transmission line 
insulation and protective apparatus. The impulse 
flashover characteristics of line insulation, as well as the 
operating characteristics of lightning arresters, have 
been quite accurately determined by laboratory studies. 
The work on insulation characteristics is described in a 



Fig 10—Switching Surge Oscillograms—Oscillating 

Time Scale 


companion paper being presented before this conven¬ 
tion by J. J. Torok® and the lightning arrester charac¬ 
teristics are accurately known. With this information 
the performance of transmission lines when subjected 
to lightning surges of the types recorded can now be 
predicted. The impulse flashover time lag characteristic 



Fig. 11—Switching Surge Oscillogram, Linear Time 

Scale 


of insulation as determined at the Trafford High- 
Voltage Laboratory has been studied with the use of the 
wave as shown by the dotted curve in Fig. 9h. This 
wave has a front of the order of one microsecond, which 
is considerably shorter and therefore more severe than 
any of the surges thus far recorded, and is steeper than 
the steepest lightning surge which is likely to occur. 
It also conforms in shape to the severe observed 
transients. 

An example of the flashover—time lag characteristics of 
insulation is shown in Fig. 12, reproduced from Torok's 


paper® for purpose of illustration, and shows the impulse 
ratio curves for standard suspension insulators in 
strings from 2 to 16, and needle-gaps in air. The 
significan t feature of these curves is that they flatten 
out at a low impulse ratio in the order of six micro¬ 
seconds. This means that when this type of structure 
is subjected to lightning surges having the durations 
secured in the tests thus far, the maximum surge which 
can be impressed without flashover is very little above 
the 60-cyele crest flashover of the structure in question. 
They also show that for a very high, steep surge which 
reaches the flashover of the insulation in the order of 
one microsecond, the actual flashover may occur at a 
voltage of the order of 1.8 times the 60-cycle crest 
flashover. This latter, of course, determines the 
magnitude of the chopped wave winch passes on and 
may be impressed upon a piece of apparatus unless it is 
reduced by lightning arresters, but it should be em¬ 
phasized that it is impossible for a wave of this magni¬ 
tude to be impressed upon the line insulation without 
causing a flashover if the surge has a duration of the 



TIME LAG-MICROSECONDS 

Pig. 12—Impulse Ratio-Time Lag Curves of Insulation 

(a) Suspension insulators 

(b) Needle-gaps in air 

order of lightning surges. These impulse flashover 
curves, together with the knowledge of the types of 
surges experienced, permit the intelligent coordination 
of the various types of insulation in a transmission 
system. The records secured of natural lightning also 
furnish data on the amounts of energy that lightning 
arresters have been called upon to handle and provide 
valuable information for use in the development of new 
types of arresters. 

Controlled Surge Study 
In the second phase of the work, that of the study of 
controlled transients, a great amount of valuable in¬ 
formation has been and is being obtained. However, 
these data are not sufficiently analyzed or complete at 
this time for adequate presentation but will be reported 
in a subsequent paper. As stated above, the idle 220-kv. 
line with open ends and sectionalized at one point 
presented a rare opportunity for the pursuit of this 
program. Such factors as surge impedance, mutual 
surge impedance, reflections, and so forth, have been 
rather completely defined on a theoretical basis but 
certain quantities in the calculations such as distance 
of the ground return’, size of wire under corona condi- 
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tions, and so forth, need further investigation. These 
are being studied. In addition such factors as attenua¬ 
tion due to corona at high voltages and the influence of 
ground resistance in various connections are relatively 
unknown. These also are being studied and determined 
completely with considerable accuracy. 

The line on which this work was performed proved 
particularly convenient for this type of study. With 
the wide spacing, the mutual coupling was great enough 




Fia. 13 —Obcillograms of Mobile Surge Generator Wave 
■using Oscillating Time Scale 

to give induced waves amply large for measurement, 
and yet not so great that the reverse reaction 
appreciably modified the original wave. In this way 
by making various cross connections, such as connecting 
the outside conductors at the far end and impressing 
a surge on one conductor with oscillographic measure¬ 
ment on the return of the wave on the other conductor, 
a great variety of set-ups and tests could be made with 
all the equipment and the entire force working at one 
location. However, although the tests require some¬ 
what more time to perform when the surge generator 
and oscillograph are located at different points, this 
does not involve great difficulty and operation under 
such conditions is quite satisfactory. 


Furthermore, as mentioned above, the necessity of 
replotting surges when taken with an oscillating time 
scale is somewhat inconvenient and this inconvenience 
is particularly prominent in controlled surge tests where 
a great number of records are taken in a short time. 
Therefore, in these tests the circuits were modified to 
provide a linear time scale. In controlled surge tests 
this scale has no disadvantage since the length of the 
surge expected is definitely known and its time of 
arrival can be chosen at will within the desired limits. 
The circuit used was a modification of the timing circuit 
used at the Trafford High-Voltage Laboratory, and 
described by Torok and Fielder 7 in th i Electric Jowrnal of 
July 1929, adapted to use with the Norinder type of 
relay. 

Fig. 13 shows oscillograms generated by the one 
million-volt mobile surge generator taken with the use 
of the oscillating time scale. It is noted that this gives 



Fig. 14 —Oscillograms op Mobile Surge Generator Wave 
showing Attenuation 

(a) Original surge, H microsecond front, 940 kv. 

(b) Attenuated surge after 2.65 miles of line, 3.5 microsecond front, 350 kv. 


a sharp record with a long time scale but requires 
replotting to be easily readable. Only a small amount 
of the surge within the target band is missing. Figs. 14, 
15, and 16 show oscillograms taken with the linear time 
scale. These are directly readable and also with this 
system the entire wave down to zero voltage is obtained. 

The waves shown in Figs. 14,15, and 16 are typical 
of the work being done. Fig. 14 shows a typical 
example of records showing attenuation. The upper 
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oscillogram (a) shows an original surge having a front 
of about l A microsecond and a magnitude of 940 kv. 
The lower oscillogram (6) shows the same surge after 
2.65 mil es.of line, when it has a front of 3.5 microseconds 
and a magnitude of 350 kv. Pig. 15 shows similar 
records except that the original surge had a front of 
2.5 microseconds and a magnitude of 875 kv., and the 
attenuated surge has a front of five microseconds and a 



Fig. 15 —Oscillograms of Mobile Surge Generator Waves 
showing Attenuation 

(a) Original surge 2.5 microsecond front, 875 kv, 

(b) Attenuated surge after 2.5 miles of line, 5-microsecond front, 425 kv. 

magnitude of 425 kv. This indicates that the short 
steep front surge attenuated at a greater rate than the 
larger, slower front surge. These values of attenuation 
check quite closely with previous ldydonograph data. 
Complete attenuation curves for various voltages and 
for various conditions are being obtained. Pig. 16 
shows records on coupling. Of particular interest is the 
break in the curves of Figs. 14b and 15 bat about200kv. 
This marks the point where corona begins and shows its 
effect on attenuation. In Fig. 16 the upper oscillogram 
(a) shows the wave as generated and impressed upon 
Conductor C, the middle oscillogram (6) shows the 
induced wave on the middle or nearest conductor, phase 
B, and the bottom oscillogram (c) shows the induced 
wave on the other outside conductor, phase A, 56 ft. 
distant. It is noted that the induced wave in the 
conductor 28 ft. distant from the conductor on which 
the surge is impressed is 22 per cent and on that 56 ft. 
distant is 11 per cent of the original surge. These values 


are only slightly above the calculated values, which 
indicates that the actual image of the conductor is very 
little below the true image. The self-surge impedance 
of the line conductors has been determined quite 
accurately and cheeks very closely with calculated 
values when various factors of influence such as distance 
of the ground return, and increase in size of conductor 
due to corona, are taken into account. The influence 
of these factors has been evaluated. In addition, the 
other problems mentioned, such as the amount and 
nature of ground wire protection, the influence of 
ground resistance, the effect of buned conductors, the 
performance of lightning arresters on lines, and so 
forth, are being accurately determined and when 
completed the uncertainty regarding all these factors 
will have been removed. 

Status op the Problem 

Mtich progress has been made toward the solution 
of the lightning problem by the work of all the groups 
engaged in lightning investigations. Yet it is apparent 
tha t caution must be exerted in the interpretation of 
the results thus far achieved to prevent the hasty 
drawing of conclusions. Although accurate measure¬ 
ments have been made of many wave shapes and 
voltages, much more work is necessary to determine 
the variations in these values and to make our 
knowledge more definite. It must be realized that it is 
impossible to draw definite conclusions from what must 


16—Oscillograms of Mobile Surge Generator Waves 
showing Mutual Coupling 

(a) Original surge, 615 kv. 

(b) Induced surge in conductor 28 ft. distant, 115 lev., 22 per cent 

(c) Induced surge on conductor, 56 ft. distant, 70 kv., 11 per cent 

still be regarded as a relatively small number of records. 
Considering the infrequent occurrence of lightning 
surges it is quite probable that a measurement has not 
been made of a lightning stroke at the immediate point 
of generation and such a stroke might have a consider¬ 
ably steeper wave front and higher magnitudes than 
those measured thus far. At best all that has been 
measured thus far has been the maximum voltage as 
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limited by line insulation and although the crest can 
be estimated from the shape of the front and tail it is 
desirable to obtain records of disturbance occurring on 
lines having much greater insulation than is now avail¬ 
able. The work by all groups is being continued on an 
expanded scale and additional groups are becoming 
active which means that the remaining questions will 
all be determined in time. 

The authors wish to stress again the importance of 
this work to the industry as a whole. Not only does the 
volume of data available require great expansion, but 
different transmission systems have different problems. 
The satisfactory answer to the lightning question will be 
hastened by the active participation of many in a 
coordinated program to increase the number of observa¬ 
tion stations and to avoid inefficient repetition of tests. 
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Surge Characteristics of Insulators and Gaps 

BY J. J. TOROK* 

Associate. A. I. E. E. 

Synopsis. —This paper presents the surge characteristic, in the II. Post type insulators with and without arcing rings, 
form of time lag curves, of transmission line and substation insula- III. Safety gaps with either needle or spherical electrodes. 
Hon. The forms of insulation discussed are: IV. Oil gaps." 

I. Line insulation: suspension type with and without arcing 

rings, pin type, and wood alone and in combination ' 

with porcelain. 


Introduction 

T has long been recognized that the duration as well 
as the magnitude of an impulse voltage will deter¬ 
mine the nature of the flashover of an insulator or 
gap. Accordingly sporadic efforts to determine these 
characteristics have been made with varying successes. 
The methods employed can be classified into two groups, 
the “comparative” and the “absolute.” The compara¬ 
tive method is based upon a particular wave and an 
assumed standard of insulation, such as the suspension 
insulator. Other forms of insulation are then tested in 
parallel with this standard, and the results are computed 
in terms of the insulating, strength of the standard. 
With the “absolute” method the characteristics of the 
apparatus are determined directly from cathode ray 
oscillograms, and the results are plotted in the form of 
volt-time curves. The advantage of the latter method 
is quite apparent. If the volt-time curves of different 
forms of insulation are known, the relative strength of 
each under all types of waves can be seen by merely 
comparing the curves. 

An intelligent application of such volt-time curves in 
the design of transmission lines and sub-station equip¬ 
ment will add greatly to the reliability and safety of the 
system. Furthermore, they make possible a more 
economical construction in terms of both initial cost 
and maintenance. With an exact knowledge of the per¬ 
formance of each piece of apparatus, the designer can 
proportion the insulation of the line and substation to 
obtain proper grading of line insulation, prevention of 
flashover at one or more points on the line, or in the 
substation, and correct placement of arresters. In 
addition, safety gaps for the protection of adjacent 
equipment can be properly designed and applied. 

Method op Obtaining Volt-Time Curves 

A thorough description of the equipment and system 
used in these surge studies has been given elsewhere, 1 
but briefly it is as follows:. The high-voltage impulses 
are generated by a bank of condensers charged in paral¬ 
lel and discharged in series. For voltage and time 

*Westing]iouse Electric & Manufacturing Company, East 
Pittsburgh, Pa. 

1. For references see Bibliography. 

Presented at the Winter Convention of the A. I. E. E., New York, 
N. Y., Jan. 27-81,1980. 


determinations, the apparatus under test is parallel 
by a wire-wound, non-inductive potentiometer ter¬ 
minating in a cable which leads to the cathode ray 
oscillograph. The synchronization of the oscillograph 
and surge generator is obtained by means of three- 
eleetrode gaps. The constants of the generator are 
adjusted to give a wave having an abrupt front and a 
slowly attenuating tail, which, in general, simulates a 
rectangular wave. 

The rectangular wave is the most desirable in the 
“absolute” method. 2 - 3 The procedure is as follows: 
The voltage of the surge generator is raised to a value 
just sufficient to cause flashover. A record of the 
breakdown is then made with the cathode ray oscillo- 



Fiq. 1—Cathode Rat Oscillogram op the Surge Flashover 
op an Insulator 

graph. Such an oscillogram is shown in Fig. 1. The 
voltage rises abruptly to a given value at which it re¬ 
mains until breakdown occurs. The time lag of the 
insulator for this voltage is the time from the point at 
which the voltage first exceeds the 60-cycle crest 
breakdown value, to the time when the voltage is sud¬ 
denly reduced by breakdown. The voltage of the 
generator is then raised to a slightly higher value and 
another record is taken. This procedure is followed 
until the time lag of breakdown becomes very short. 
With the data so obtained a breakdown volt-time curve 
can be easily constructed. 

The conventional types of surge generator cannot pro¬ 
duce a strictly rectangular wave. It is physically im¬ 
possible to produce a perpendicular front as the charging 
current would become infinite. As a result, the fronts 
are sloped, but they may be made so steep that, for 
practical purposes, the time of rise can be neglected 
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except for very short time lags. Also the potentials of 
generators attenuate after reaching the crest. This re¬ 
duction in voltage is very often accentuated by the 
formation of space charges and streamer currents. 4 
Thus it cannot be strictly said that the voltage re¬ 
mains at a fixed value until flashover occurs. But here 



Fig. 2—Surge Flashover Curves op Suspension 
Insulators, 10-In. Disks, 5%-In. Spacing 

again, the deviation can be neglected except for ex¬ 
tremely long time lags and for those of short duration, 
where the streamer currents become very large. At 
such points some minor approximations must be made 
to avoid discrepancies caused by changing wave shapes. 
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1 2 3 4 5 6 7 8 9 10 II 12 13 14 15 16 17 18 
MICROSECONDS 

3—Impulse Ratio Boundaries for Suspension 
Insulator Strings 


(i) 

< 2 ) 


11-unit string 
2-unit string 


All tests discussed below were made with the high- 
voltage end of the surge generator positive in polarity. 

Insulator Tests 

A group of tests was made on suspension insulator 
strings comprising 3 to 16 units of 10-in. disks having 
5M-m. spacing. A complete time lag curve was ob¬ 
tained for 3, 5, 7, 9, 10, 11, 12, 13, 14, and 16-unit 
strings. The other string lengths shown in Fig. 2 were 
extrapolated from these curves. 8 The relationship 


between the duration of the applied wave and the 
potential is well exemplified in the above curves. 

The striking similarity of the long and short string 
characteristics suggests that they might all be repre¬ 
sented by a single characteristic or by two boundary 
curves. Such a curve can be drawn by using the 60- 
cyele crest breakdown voltage as a basis, plotting 
against time the impulse voltage in terms of the 60- 
cycle value. The two curves shown in Fig. 3 are ob¬ 
tained in this manner. The upper curve corresponds 
to a two-unit string, while the lower curve is for eleven 
units. The curves for all other string lengths lie be¬ 
tween those of the two- and eleven-unit strings. The 
term "Impulse Ratio Curves” is commonly applied to 
this form of characterization. 

Quite often a lightning storm precedes or occurs at the 
beginning of the heavy precipitation, when the insula¬ 
tors have not yet become wet. For this condition the 
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TIME LAG MICROSECONDS 

Fio. 4 —Comparison op Wet and Drt Surge Flashover op 
Suspension Insulators ' 

(1) 11 units dry 

(2) 11 units wet 

(3) 8 units dry 

(4) 8 units wet 

(5) 5 units dry 

(0) 5 units wet 

surge flashover characteristic can be assumed to be tha t 
of a dry insulator. Since such an assumption is not 
always correct, it is necessary to determine the perform¬ 
ance of insulators when dripping wet. The result of 
tests made on suspension insulators under heavy rain 
fall (0.2 in. per min.) are given in Fig. 4 with dry insu¬ 
lators for comparison. 

The pin type insulators most commonly used on low- 
voltage lines, must also be considered in this analysis .' 
There are many types of pin insulators in use, but 
fortunately their impulse characteristics are very much 
alike, and therefore can well be represented by a single 
example. Time lag and impulse ratio curves of a typi¬ 
cal 66-kv, pin type insulator are given in Fig. 5. 

Wood Insulation 

A crude survey of pin insulator installations indicated 
that only in exceptional cases were the pins grounded; 
all others were used in conjunction with wood construe- 
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tion. It happens also that ungrounded suspension 
insulators are very often used on wood pole lines. It is, 
therefore, essential to include in this study the effects 
of wood on line insulation. 

It was believed that a more comprehensive idea of the 
performance of mixed insulation could be had if the 
characteristics of each were first determined, and then 



Pin. 5—Surge Flashover Curve op 66-Kv. Pin Type 
Insulator 

(1) Volt-time curve 

(2) Impulse ratio curve 

ompared with various combinations as units. Ac- 
ordingly tests were made on oak crossarms with spac- 
ags of 1, 2, 4, and 8 ft. between electrodes. A similar 
est was made on a spruce pole with 1,2, 4, 8, and 13.5- 
t. spacings. The results of these tests are given m 



This phenomenon may perhaps be explained in this 
way: When the voltage is first applied, the potential 
gradients along the wood will be determined by electro¬ 
static relationships and space charge formations. 



TIME LAG-MICROSECONDS 

Fig. 7—Surge Breakdown Characteristics op Wood 

Poles 

(1) 13#-ft. length 

(2) 8-ft. length 

(3) 4-ft. length 

(4) 2-ft. length 

i 

When the resistivity of the wood is sufficiently low 
en ou gh current will flow to cause a redistribution of 
potentials and space charges within and along the sur¬ 
face so that the breakdown gradient is maintained at no 
point long enough for flashover to occur. The curves 
have been extended by a dotted horizontal fine, below 
which breakdown did not take place. 

Many combinations of wood and porcelain insulators 
may be obtained by merely varying the length of cross 



TIME LAG-MICROSECONDS 

FiQi 8—Surge Breakdown Characteristics op Wood and 
Porcelain Insulation 

(1) 5 units and 8 ft. of crossarm 

(2) 5 units and 4 ft. of crossarm 

(3) 5 units and 2 ft. of crossarm 

<4) 5 units and 1 ft. of crossarm 

(5) 5 units only 


Pig. 6—Volt-Time Curves of the Surge Breakdown of 
Oak Crossarm, 5 In, by 5 In. 

(1) 8-ft. length 

(2) 4-ft. length 

(3) 2-ffc. length 

(4) l-ft. length 

Figs. 6 and 7. The incopMtencies of flashover at any 
given condition and the^compieie^afil&^lii^^own at 
long time lags is very marked. The scatterffi&SLthe 
points can be attributed to the electrical instability ,01 
the material. But the strong tendency to breakdown 
during the first few microseconds of voltage applica¬ 
tion, or not at all, was unexpected. 


section of the wood and the type or number of insula¬ 
tors. But for the sake of simplicity and clarity, a 
singl e group of combinations was chosen, wherein the 
porcelain insulation was fixed and consisted of a string 
of 5 suspension units, only the length of the wooden 
crossarm being varied. The data obtained from this 
group of combinations are shown graphically in Fig. 8. 

Arcing Rings 

line insulators, especially the suspension types, are 
'•often equipped with arcing rings or horns. These de¬ 
vices change the electrostatic field about the insulator 
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as well as the path of the arc. It is, therefore, essential 
to obtain time lag curves on strings of insulators on 
which are mounted arcing rings or horns. However, 
the large variety of rings now in use would require 
hundreds of tests if each type were considered sepa- 



TIME LAG-MICROSECONDS 

Fia. 9 —Surge Characteristic op Suspension Insulator 
♦String op Nine Units with Arcing Rings (24 In. by 30 In.) 
1—Volt—time curve 


2—Impulse ratio curve 



0 2 4 6 8 10 12 14 16 18 20 22 24 26 28 


TIME LAG-MICROSECONDS, 

Fig. 10 —Surge Characteristics op Strap and Tube 
Arcing Rings for a 16-Unit String 

(1) —4-inch tube ring 

(2) —#-in. by 2-in. strap ring 


KV. 



Fig. 11 Surge Characteristics of Suspension Insulator 
String of Nine Units with Arcing Horns 

1. Volt-time curve 

2. Impulse ratio curve 

rately. Fortunately, the characteristics are nearly 
alike, and therefore they can be well represented here 
by a few typical samples. 

The time lag curve of a typical ring, used quite ex¬ 


tensively, is shown in Fig. 9. The ring is of the flat 
strap type, oval in shape, its axial dimensions being 
24 by 30 in., while the spacing between rings is 43.5 
in. when mounted on a string of 8 units. The effect of 
increasing the projected area of the material of which 
the ring is made can be seen from Fig. 10. 

The status of the arcing horn is much like that of the 
arcing rings, i. e., many different types and shapes are 
in use, but their surge performances are all so similar that 



TIME LAC MICROSECONDS 


Fig. 12—Relative Impulse Flashover Curves or an 
Insulator Post of Six Pillar Units 

1— Without arcing rings 

2— With arcing rings 

they too may be represented by a single example. 
Fig. 11 is the volt-time curve of a string of 9 suspension 
units equipped with arcing horns. The length of the 
string was 51% in-, whereas the spacing between horns 
was 46% in. 

The above data will yield a reasonably good work- 



0 1 2 3 4 5 6 7 8 9 10 11 12 13 


TIME LAG-MICROSECONDS 

Fig. 13 —Surge Breakdown of 6.25-Cm. Sphere-Gaps Unddb 

Oil 

(1) 3-in. separation 

(2) 2-in, separation 

(3) 1-in. separation 

(4) H-in. separation 

ing knowledge of the behavior of transmission lines 
when subjected to surges. The nature of the impulses 
coming up to the substation can be established by ex-; 
amination of the curve or curves of insulation which* 
most nearly agree with the specifications of the line. 
Pillar Type Insulators 

Similar flashover time lag tests were made and curves 
obtained with pillar insulators comprised of six units 
with and without arcing rings aind the relative values 
are shown in Fig. 12. It will be noted that these curves 
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correspond very closely to those obtained for suspension 
insulators so that by choosing the proper number of 
suspension insulators the impulse strength may be made 
to correspond at practically all points with that of the 
pillars. It will be further noted that the addition of the 
arcing rings has caused an appreciable change in 
characteristics justas on suspensioninsulators, increasing 
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Fig. 14—Surge Breakdown op Needle-Gaps Under Oil 

(1) 10-in. separation 

(2) 5-ln. separation 

(3) 2 M-in. separation 


the time lag at the higher voltages and reducing the 
flashover of the lower surge voltages. It is questionable, 
however, whether any advantage is obtained by the 
addition of rings to pillars, for the reason that when 
properly rationalized with respect to the line there is no 
occasion for them to flash over and when lightning 
arresters are installed, the rings will have no function 
whatever. 

Oil-Gaps 

Two types of gaps were used .in the oil tests, one 
formed with needle electrodes to simulate sharp corner 
conditions, the other with 6.25-cm. spheres to represent 
rounded electrode conditions. A complete volt-time 
curve was made for a given gap setting. Then the 
spacing between electrode was changed and the test 
repeated. By this means some concept of the surge 
dielectric strength of oil is obtained for various shapes 
of gaps set at different gap lengths. The results of this 
group of tests are given in Figs. 13 and 14. It must be 
remembered, however, that these curves are for the 
breakdown of oil alone and not for creepage over 
insulating surfaces. The 60-cycle breakdown curve 
for these gaps is given in Figs. 13 and 14. Unfortunately 
the surge breakdown curves cannot be converted into 
impulse ratio time curves as a slight change in the 
quality of the oil will affect the surge characteristics 
but little, while the change in the 60-cycle breakdown 
value will be quite marked. Hence any impulse ratio 
curve of oil is meaningless unless all the electrical 
properties of the oil are specified. 


Air-Gaps 

Occasionally air-gaps are connected to the lines, the 
object being to limit the surge voltage entering the 
substation and thereby afford some measure of protec¬ 
tion for the transformers. If such gaps are to be used it 
is essential to know the surge characteristics of a group 
of gaps, so that a correct application can be made. 

Again, as in the oil-gap tests, two common types of 
electrodes were chosen, the needle and the sphere. In 
the tests employing needle electrodes, it was only 
necessary to find the volt-time characteristic of the gap 
at several settings. The results of these tests, together 
with 60-cycle values, are given in Fig. 15. However, 
the sphere-gap tests were not so simple, for at spacings 
beyond the diameter of the sphere the breakdown 
characteristics change. It was, therefore, necessary 
to make tests on at least two sizes of spheres, wherewith 
some relationship may be set up between diameters and 
spacings of the spheres. 

The sphere-gap tests were made with 6.25-cm. sphere 
electrodes in one case and 20-cm. electrodes in another. 
The 6.25-cm. spheres were tested at 10, 20J4, 40, and 
58J^-in. separations. The volt time curves at these 
separations are given in Fig. 16. Fig. 17 represents the 
characteristics of the 20-cm. sphere-gaps at 10, 20, 40, 
and 59%-in. separations. 

In many installations it is very desirable for both 
economic and space considerations to use small elec¬ 
trodes. From the above curves it can be seen that if 
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Pig. 16—Surge Breakdown Curves for Needle-Gaps in 

Air 

(1) 60-in. separation 

(2) 40M-in. separation 

(3) 20-In. separation 

(4) 10-in. separation 



the spheres are separated by a distance no greater than 
their diameter, the impulse ratio is nearly unity under 
all types of waves. Increasing the separation at first 
causes an increase in impulse ratio only for waves of 
short duration, and then with further separation, the 
impulse ratio rises for even the longer waves. Although 
a constant voltage characteristic is the most desirable, 
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a gap setting allowing moderate overvoltages may be 
used as long as the time lag curve of the gap at that 
setting lies well below that of the apparatus protected 
and yet is high enough to maintain the insulation of the 
system at a reasonable value. 

The curves in Fig. 16 cannot be placed upon the same 
basis as those of Fig. 17 by merely conversion of voltage 
into impulse ratio, because, as pointed out above, the 
diameter and spacing must also be considered. It was 
believed that these curves could be used in establishing 
a family of curves if one of the axes represented impulse 
ratio, and the other, spacing in terms of the diameters. 
However, either the basis of comparison was faulty or 
the nature of breakdown alters at large separations, 



Fig. 16—Surge Breakdown Curve for 6.25-Cm. Sphere- 
Gaps in Air 

1— .?8 a Inch separation 

2— 40 inch separation 

3— 20# inch separation 

4— 10 inch separation 


III. By using volt-time surge breakdown curves 
the relative performance of widely different forms of 
insulation can be directly compared. 

event of an insulator flashover on a 
transmission line, the entire surge does not go to ground. 
The section of the wave preceding breakdown continues 
its course on the line, thereby making it possible to 
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Pig. 17— Surge 


Breakdown Curve 
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for 20-Cm. Sphere- 


(1) 59K-in. separation 

(2) 40 H -in. separation 
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flash over other insulators on the line, should they be 
weaker th^n the one which chopped the wave. 

V. The added insulation offered by wood is roughly 
proportional to the length of wood used'. '' 

VI. Rain affects the surge flashover of insulators 
only at long time lag values. 


because these curves when plotted were so different 
that no set of universal curves could be deduced from 
them. 

Conclusions 

I. The surge flashover of an insulator is a phenom¬ 
enon dependent upon the duration of the applied 
potential as well as its magnitude, and curves showing 
the volt-time relationship can be obtained. 

i Y.* Ji 1 . 6 surge charac teristics of an insulator can be 
plotted if its 60-cyde breakdown value and the impulse 
ratio curve for typical equipment are known. 
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Lightning Laboratory at Stillwater, New Jersey 

BY R. N. CONWELL 1 and C. L. FORTESCUE 1 

Associate, A. I. B. B. Fellow, A. I. E. B. 

Synopsis.—This paper outlines the purpose of the cooperative some of the most outstanding of a rather long series of tests and forms 
installation of a lightning laboratory, the organization employed, the background for a more complete paper giving a more detailed 
and the various tests which have been made during the summer of analysis which will be presented in the near future. 

1989. In general, the paper presents the preliminary analysis of » * * * * 


T HE work done in investigating lightning in the field 
by means of cathode ray oscillographs during the 
year 1928 demonstrated that important data can 
be obtained in this manner. By use of the instruments 
now available information can be acquired which will 
place expenditures for lightning protection on a sound 
basis. 

The Public Service Electric & Gas Company of New 
Jersey, having a large amount of 220-kv. lines under 
construction, realized that these lines afforded an ex¬ 
ceptional opportunity for investigating lightning condi¬ 
tions free from the exigencies of operating conditions 
and for obtaining information on the characteristics of 
such lines under lightning surge conditions, the charac¬ 
teristics of ground wires under grounding conditions 
that obtain on certain parts of the right-of-way, etc. 

Such considerations led the Public Service Electric & 
Gas Company to cooperate with the Westinghouse 
Electric & Manufacturing Company in a joint investi¬ 
gation. The program consisted of an investigation of 
the characteristics of actual lightning strokes and of 
those physical characteristics of a transmission line 
which might have an effect on the performance of such 
lines under lightning conditions. Some of the features 
considered were the effecls of attenuation, coupling 
between ground wire and phase wires, coupling be¬ 
tween phase wires, the effect of the ground wire in re¬ 
ducing voltages on phase wires, and the surge im¬ 
pedances of towers and of lines. 

The Site. The site selected for the conduct of these 
investigations was admirably suited for the purpose. 
Located in the hills of New Jersey approximately six 
miles from Newton in Sussex County, at an elevation of 
500 feet, the power company had available a section of 
new 220-kv. transmission line extending 7.75 miles west 
to the Delaware River and approximately 1.3 miles 
east. This locality according to previous records was 
subject to from 30 to 40 lightning storms per year. In 
addition, the typography was rough and a great va¬ 
riety of ground conditions was available for test. 

The line is a part of the Pennsylvania-New Jersey. 
interconnection of the Public Service Electric & Gas 
Company with the Pennsylvania Power & Light Com- 

1. Of the Public Service Electric and Gas Company and 
the Westinghouse Electric and Manufacturing Company, 
respectively. 

Presented at the Winter Convention of the A. T. E. E., New York, 
N. Y„ January 87-81,1980. 


pany and the Philadelphia Electric Company. The 
type A suspension towers have an over-all height of 
77 ft., 9J4 in- with the conductors arranged for flat 
horizontal configuration. The crossarm has an over¬ 
all length of 57 ft., the spacing between conductors 
being 28 ft., 6 in. Two ground wires are located mid¬ 
way and above the conductors at a height of 13 ft., 
10 9 /18 in. The line is designed for 18 insulator units and 
is equipped with 40-in. arcing rings. The conductor is 
795,000 cir. mils A. S. C. R., 40 per cent steel by weight. 
The ground wires are 203,200 cir. mils A. S. C. R., 72 
per cent steel by weight. In order not to influence the 
results from lightning strokes, the ground wires were 
not' installed on the section of line under test. The 
availability of such a line as this, not yet in service, 
was particularly fortunate since during those periods 
when there was no possibility of measuring lightning 
strokes, the test crew could utilize their time, with the 
aid of a lightning generator, to investigating the surge 
characteristics of the line. 

Equipment. The equipment was made mobile so 
that investigations might be carried on at other sections 
of the line with very different ground conditions or 
where the ground wire had already been installed, but 
the volume of work, together with the delay in getting 
the laboratory into operation this summer, has re¬ 
sulted in its being located on the one site. 

The test equipment consisted of two trailers and two 
Fordson tractors. On each of the tractors there was 
installed a 5-kw. generator with an exciter to be utilized 
in supplying power for the Norinder oscillograph and the 
1,000,000-volt lightning generator. In one of the 
trailers the Norinder oscillograph was located together 
with its auxiliary equipment, consisting of an oscillator, 
linear timing device, high voltage rectifier, vacuum 
pumps, switchboard, and work bench. At the other end 
of this trailer there were installed facilities for the de¬ 
velopment and printing of films and an electric refrigera¬ 
tor so that an ample supply of cold water will be avail¬ 
able for the photographic processes. The second trailer 
contained the 1,000,000-volt lightning generator pat¬ 
terned after that at the Westinghouse High-Voltage 
Laboratory, at Trafford, Pa. This generator con¬ 
sisted of a 100,000-volt transformer arranged to charge 
14 banks of 5 — 0.5 a f. condensers in parallel through 
a full-wave kenetron rectifier. Through an arrange¬ 
ment of gaps and resistors, these banks were then dis¬ 
charged in series. The auxiliary equipment, in addition 
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to the Fordson tractors with their 5-kw. generators, 
consisted of numerous surge impedances, a 50-cm. 
sphere-gap, klydonographs, and a number of capacity 
and resistance potentiometers. A portable signal sys¬ 
tem was utilized between the lightning generator 
and the oscillograph laboratory. 

Organization. The laboratory was constantly at¬ 
tended by a competent staff consisting of not less than 
six engineers and at times during the summer there 
have been as many as nine engineers at work on this 
project. Although the personnel was derived from two 
organizations, it operated completely as a single unit 
during the entire period of tests; 

We desire to pay tribute to those men who have 
actively participated in the work and whose technical 
skill and knowledge, together with their enthusiasm and 
tenacity of purpose, have produced such excellent 
results in the limited time available. 

Lightning. Lightning generator and Norinder oscil¬ 
lograph arrived at Stillwater on June 17 and were put 


might prove dangerous to the operation of a transmis¬ 
sion line, surges were impressed with different wave 
shapes, the voltages varying from 200 to 1000 kv. over 
a length of line ranging from zero to 18 miles. Both 
positive and negative polarities were employed during 
these tests. Figs. 2, 3, and 4 show attenuation data 
in the form of plotted curves for the several types of 
waves used. 



Fig. 2—Attenuation op Surges op Various Original 
Magnitudes (Steep Waves) 



Fig* 1 Two op the Lightning Surges Recorded at 
Stillwater, New Jersey 


a. IGOO-kv. lightning surge 

b. 350-kv. lightning surge 


1. Attenuation of negative 700-kv. surge ( l A m sec. wave-front) 

2. Attenuation of negative 43tt-kv. surge (A fi sec. wave-front) 

3. Attenuation of negative 218-kv. surge (A fi sec. wave-front) 



Fig. 3 Attenuation op Surges op Dipperbnt Polarity 

1. Attenuation of negative 621-kv. surge (wave-front of 3 \x seconds) 

2. Attenuation of positive 574-kv. surge (wave-front of 3 /x seconds) 


mto operation on July 1,1929. The spring and summer 
preceding the placing of the laboratory into operation 
had been remarkable for the severity and frequency of 
lightning storms in this vicinity and although many 
storms were observed on either side of the line, it was 
not until August 14 that a storm traveled over the line. 
Between 11:51 a. m. and 12:07 p. m. four oscillograms 
were obtained which showed a range of fronts varying 
from 250 or 300 kv. per microsecond to 90 kv. per micro- 

SeC ™, and a range of crests fr0:m approximately 
- 1600 kv. to + 350 kv. (Fig. 1). 

It is to he regretted that more data on natural 
lightning were not obtainable, for a large volume is 
necessary under conditions where the line characteristics 
are known before the results can be derived and a prac¬ 
tical application to transmission line design made. 

Tests with Lightning Generator 

Attenuation. In order to determine the duration, as 
measured by the length of line, of surge voltages which 
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Fio. 4 —Attenuation op Short Steep Waves and Slower 
Sloping Waves 

1. Attenuation of positive surge (wave-front of % n sec.) 

2. Attenuation of positive surge (wave-front of 2 p sec.) 

The trend of the data obtained indicates the following 
relationships: 

1 1* Considering crest voltage of the original surge 
and its attenuation, the attenuation is increased with 
the crest voltage over the length of line used. The 
rate of increase in attenuation is much more rapid 
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when the surge voltage exceeds the corona point of 
the line. The influence is shown by breaks in the line 
in Fig. 5. (Oscillogram C-6070-B.) 

2. Considering the relation between the length of 
wave and its attenuation, the short wave attenuates 
more rapidly than a long wave of equal crest voltage. 



grams of natural lightning surges generally show a long 
tail, they will attenuate less rapidly because they are of 
the type indicated above as being the least susceptible 
to attenuation. 

Coupling. In order to determine the effect on a 
phase wire of a surge on another phase wire or a ground 
wire, the coupling between the phase wires was mea¬ 
sured varying both the crest voltage and polarity. The 
coupling factor may be defined as the ratio between the 
voltage of an impressed surge and the resulting induced 
surge on an adjacent wire. These data are important in 
the more advanced theory of lightning protection by 
means of ground wires. It is important to find out how 
close to actual values are the results obtained by the 


Fig. 5—Oscillogram Showing Effect of Corona on 
Attenuation 

(Oscillogram C-6070-B) 

3. Considering the relation between the polarity of 
the surge and attenuation above the corona point, 
positive surges attenuate more rapidly than negative 
surges of equivalent crest voltage and shape. 

4. Considering the effect of distance traveled on 
wave shape, with increased distance there seems to be 
an increased tendency to slope off the front of the wave 
and to increase the length of the tail. This change in 
form is more accentuated above the corona point, and is 



Pig. 6—Oscillograms Showing Attenuation 

A. Original wave, (oscillogram O-6068-A) 

B. Wave after 2.66 miles, (oscillogram C-6068-E) 


b °?^nL^ gS ‘ 6 and 7 * ( See oscillogram N 
6068-A and 6068-32.) ' 6 - N 

7a ^ ows the of Fig. 6 replotted to sho 
the change in wave shape more clearly and is for a wa^ 
above the corona voltage. Fig. 7b shows similar wav 
replotted but below the corona point. Since oscill. 




B 

Fig. 7 Oscillograms op Fig. 6, Replotted to Show Change 
op Shape op Surge* 


B. Below corona point 
A. Above corona point 

1. Original surge (at origin) 

2. Attenuated wave (2.65 miles from origin) 

1. Original wave (at origin) 

2. Attenuated wave (2.65 miles from origin) 

♦Effect of distortion is being analyzed in paper by J. J. Torok 


usual methods of computation using the method of 
images. In the tests, since no ground wires were avail¬ 
able on the structures, the middle phase wire was 
utilized as a ground wire. 


~ w tne coupling between adjacent 

conductors and outside conductors. The values as 
calculated by the usual formula and assuming the path 
m the earth to follow the image of the conductors are 
11 per cent and 20 per cent between adjacent conductors 
and outside conductors, respectively. The curves show 
that these, values increase with increasein voltage, which 
is possibly due to the effective increase in the size of 
conductors due to corona. The increase in the coupling 
factor is less for negative surges than for positive surges 
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and this seems in agreement with the fact that the 
attenuation is also less for negative surges than for 
positive surges. 

In general, the results are summed up as follows: 

1. Considering the effect of the surge crest voltage 
on coupling, the higher the crest voltage, above the 
corona point, the greater the coupling factor. (Oscillo¬ 
gram C-6070-A.) The oscillograms of Fig. 9 show the 
nature of this coupling. 
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ORIGINAL SURGE KILOVOLTS 

Fig. 8—Curves Showing Coupling Between Parallel Wires 
groimd H ° riZOntal confieuration 28 n - spacing. Approximate GO ft. above 
ground H ° riZOntaI COnflB,,ratlon 56 rt - spacing. Approximate 50 ft. above 
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simulating a line protected by ground wires. Tests 
were made with both polarities, various crest voltages, 
and wave fronts. Fig.- 9 shows the points obtained in 
these tests together with a median curve indicated. 
Although the points are rather scattered they indicate 
that at low voltages the surge impedance is higher than 
the calculated value, which was 450 ohms, and that as 
the voltage is raised this value becomes less. This is 
probaWy due to the fact that the calculated value of 
450 ohms is based on a return current coinciding with 
the unage of the conductor, whereas it actually is prob¬ 
ably somewhat lower and the drooping of the curve at 
higher voltages is undoubtedly due to the increase in the 
size of the conductor brought about by corona. 

The results may be summed up briefly as follows: 

1. The effective surge impedance of the line is 
reduced as the singe potential increases above the 
corona point. 

. The distortion factor of the line with corona 
is appreciable, and will be discussed fully in a subse¬ 
quent paper. 
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2. Considering the effect of polarity on coupling at 
the.higher voltages, the coupling factor is greater for a 
positive surge than for a negative surge of equal crest 
value. 

3. Considering the effect of grounding the middle 
phase wire, the voltage induced between the two out¬ 
side phase wires is decreased. 

The tests are valuable for the determination of the 
correction to be made in line characteristics under 
transient conditions as calculated and are of use in Pl °' 10 Measdued Surge Impedance op One Conductor 

Tower and Tower Ground Impedances. Since the 
impedance to a surge between ground wire and ground 
is the dominant factor in determining the effectiveness 
of a ground wire in protecting against direct strokes, it is 
extremely important that this impedance be evaluated 
and its relationship to the tower footing resistance, 
measured in the usual manner, determined. Surge 
measurements were made on towers having meggered 
resistance of the order of 15 to 50 ohms. The results of 
these tests are shown in Table I. These indicate that 
the impedance to surges which of course includes the 
impedance of the tower itself may be from 10 per cent 
to 80 per cent greater than the meggered resistance. 

Buried Cable Tie Between Tower Footings. Theo¬ 
retical analysis has indicated that a buried cable tie 
between tower footings will effectively lessen the surge 
impedance of high resistance tower footings. The tower 
footings of several adjacent towers were tied together by 
Mr -stranded cable buried from 6 in. to 8 in. below the 
surface of the ground. The values are included in Table 
I and it will be noted that while the cable results in a 
reduction of resistance of the order of 20 to one, the 
corresponding reduction in surge impedance is only of 
the order of two to one. This of course is to be expected 



Fig. 9 Oscillograms Showing Coupling between 
Conductors, (Oscillogram C- 6070 -A) 

Original surge 

Induced surge in conductor 28 ft. distant 
Induced surge in conductor 50 ft. distant 


a. 

b. 

c. 


conjunction with other tests in estimating the behavior 
of natural lightning strokes to ground wires and lines 
and their probable effect in producing outages. 

Surge Impedance. In order to determine surge 
impedances to be used in connection with computed 
values of natural lightning strokes, 1, 2, and 3 phases 
of the line were surged. Additional tests were made 
with one phase wire surged and the adjacent phase wire 
grounded to determine the effect of this condition 
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TABLE 1 

SURGE IMPEDANCE OF TOWER GROUNDS 

Location Cable Megger Ground surge* 

ground connection resistance impedance 

T —39 Off 44 ohms 70 

T— 40 Oft 60 ohms 100. 

T-39+40 Oft 26.3 ohms 40 ohms 

T —41 Oft 16 ohms 18.3 ohms 

T -39 On T -39 - 

40 —41 2.2 ohms 48.5 

T -40 On T -39 - 

40-41 3.7 ohms 34.2 

T—41 T-41 3.5 ohms 15.6 ohms 



Tower 1 Tower 39 Tower 40 Tower 41 


♦Based on a surge impedance of 450 ohms for the line. 

since the surge impedance is a transient value and will 
depend upon the distributed constants of the buried 
cable, whereas the ohmic value will depend upon the 
integrated effect for the leakage of the cable to earth. 
The amount of reduction in surge impedance, however, 
is not to be regarded as insignificant. In fact, con¬ 
sidering the fact that the occurrence of lightning surges 
follows the probability curve, this gain might easily be 
sufficient to change an entirely unsatisfactory line’s 
performance to one practically free from trouble. 

Ground Wire Protection. By using one of the phase 
conductors as a ground wire some measurements were 
made to evaluate the protection afforded by ground 
wires against induced strokes. The measurements made 
checked fairly well the values of this protection as 
calculated by the advanced methods including reflec¬ 
tions at grounded points. However, since our own work 
on lightning in recent years as well as the independent 
work headed up by Professor Matthias in Germany, an 
account of which is given in E. T. Z., of October 10, 
1929, indicate that induced strokes are not an important 
factor on high-voltage lines, no great amount of time was 
spent in these tests and they are not considered of 
sufficient importance to justify the space of including 
them here. As previously brought out, ground wires 
with low surge impedance grounds are extremely 
effective in protecting against direct strokes. The 
results of these tests, discussed under surge impedance, 
coupling, and tower ground impedance, is directly 
applicable in evaluating the amount of this protection. 
The remaining unknown factors for a complete analysis 
are the voltage of the natural lightning where it strikes 


the ground wire and the characteristics of the lightning 
path. These can only be determined by a further, 
more detailed study of natural lightning. 

Conclusion 

While the time available during the past summer has 
been limited to practically four months, a considerable 
am ount of valuable information has been obtained 
which, although in many respects incomplete, has 
provided a better understanding of the effects of natural 
lightning surges on transmission lines. Since the work 
was carried on out of doors on a section of 220-kv. 
transmission line, weather conditions played an impor¬ 
tant part both for the recording of natural surges and 
for the investigation of line characteristics with the 
surge generator. On account of this fact, comparatively 
little time was spent in the analysis of tests, every effort 
being made to obtain data which could be thoroughly 
analyzed during the winter. 

The present paper gives only a cursory analysis of 
some of the data particularly pertinent to the immediate 
requirements for line and ground wire construction. 
The total data obtained during the summer comprised 
something over one thousand films and in the short time 
available it was not possible to even examine all these 
data, but the contents will be found, it is believed, of 
considerable scientific as well as practical importance. 
A paper giving complete analysis of the results of these 
tests will be submitted to the Institute at a later date 
by Mr. Torok. 

A large volume of additional data is needed in order to 
adequately classify and determine the effects of natural 
lightning strokes, and it is expected that the work started 
at Stillwater in the summer of 1929 will be continued 
next summer, although the location may be changed. 
The work with the surge generator, which is necessary 
for the determination of the individual factors involved 
in the design of transmission lines and their effect upon 
lightning strokes, will also be continued. 

It is to be hoped that the continuation of this work 
will result in the final determination of the mathemati¬ 
cal relationships existing between those factors affecting 
lightning surges on transmission lines, thus making 
possible the design of steel tower transmission lines 
which will render better service when constructed in 
situations exposed to severe lightning storms. 

We wish to acknowledge gratefully the assistance of 
our colleagues in carrying out computations in connec¬ 
tion with the data submitted and the general assistance 
in connection with the writing of the paper. 

Discussion 

For discussion of this paper see page 928. 






Lightning Voltages on Transmission Lines 

BY R. H. GEORGE* and J. R. EATONf 


Synopsis. —During the summer of 1929 studies were made to 
determine the characteristics of voltage transients set up on transmis¬ 
sion lines by lightning. A cathode ray oscillograph and a number of 
surge voltage recorders were connected to a 140 -kv. transmission line 


in such a manner that lightning disturbances were recorded by the 
instruments. This paper describes the equipment used, and presents 
the results obtained from the season’s investigations. 

***** 


Introduction 

URING the summer of 1929 extensive field studies 
were made to determine the characteristics of 
transient voltages set up on transmission lines due 
to lightning. Tests of this kind have been found 
necessary because in the present stage of the art, 
transmission line design and operation have advanced 
to such a point that lightning probably presents the 
only serious remaining problem pertaining to continuity 
of service. To attack this problem it has been found 
necessary to determine first the nature of the distur¬ 
bances set up by lightning, and therefore fundamental 
studies have been in progress to study the electrical 
effects of lightning discharges on actual high-voltage 
transmission lines. 

For some years studies of this general nature have 
been in progress in this and other countries, and many 
papers have been published describing the results. In 
1926 the General Electric Company and the Consumers 
Power Company began a cooperative investigation, 
which has been continued in succeeding years, using 
the former’s surge voltage recorders on the power 
company’s transmission lines. 1 In 1928 the Consumers 
Power Company, in conjunction with Purdue University, 
installed on its transmission system a new type cathode 
ray oscillograph which had been developed in the 
University’s laboratories. In the spring of 1929 the 
surge voltage recorder and cathode ray oscillograph 
investigations were combined into one extensive study. 
The cathode ray oscillograph was used to record the 
wave shape of transient voltages appearing on a trans¬ 
mission line during lightning storms, while the surge 
voltage recorders registered the magnitude and time of 
occurrence of these transient voltages at various points 
along the line. 

Description op Equipment 
Transmission I/ine. This investigation was con¬ 
ducted about 40 mi. north of Grand Rapids, Michigan 
on a 140-kv. transmission line (known as T-20) which 
extends north and south a distance of 101 mi. from 
Junction D am to Grand Rapids, Fig. 1. This is a single 

♦Research Associate in High Voltage, Engg. Experiment 
Station, Purdue University, West Lafayette, Ind. 

fTransmission Line Engineer, Consumers Power Company. 
Jackson, Mich. 

1. For references see Bibliography. 

Presented at the Winter Convention of the A. I. E. E„ New York 
N. Y.. Jan. 27-31,1930. ’ 


circuit line erected on one side of double circuit towers, 
as shown in Fig. 5. The conductors on the line are 
110,000-circular mil copper, insulated with 10 Ohio 
Brass No. 25,622 disk insulators which are equipped 
with arcing horns on the lower end of the strings. The 
north half of the line and a section of about 10 mi. on 
the south end of the line are equipped with a No. 4 
copperweld ground wire suspended from the peak of 
the towers. 

The line traverses a relatively flat country, the soil of 



S' 10 * 1—Consumers Power Company 140-Kv. System 
Hea-vy lines indicate 30-cycle. Light lines indicate 00-cycle 

whichyaries from light sand on the northern half of the 
line, to heavy clay on the southern end. Tower footing 
resistances vary over extreme limits of 1000 to 1500 
ohms in the sandy section down to 3 to 5 ohms in the 
clay and swampy sections. Operation over a period of 
10 to 12 years has shown that this line is subjected 
annually to many lightning storms which are swept 
eastward from take Michigan. 

Cathode Ray Oscillograph. The cathode ray oscillo¬ 
graph used in this investigation is of the hot cathode 
type and with the exception of some improvements, 
has been described in a previous A. I. E. E. paper. 2 The 
principal improvements have been the ehange to a 
single sweep time axis and the addition of a signal for 
indicating the occurrence of a surge. 

The sweep circuit which is set in operation by the 
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lightning surge, sweeps the beam once across the 
photographic film at a known rate of speed, producing a 
logarithmic time axis. On the arrival of a surge the 
grid-glow tubes, 'Fig. 2, close the circuit between points 
A and B, permitting current from the source 3 to flow 
through the resistance 4 and condenser 5, charging 
condenser 6, across .which the deflecting plates are 
connected. The resistance 7 maintains the deflecting 



Fig. 2—Circuit for Automatically Starting Timing 
Sweep with Supge 

plates at ground potential previous to the arrival of 
a surge. 

The occurrence of a surge is indicated by the flash of 
the grid glow tubes, which providing the resistance 7 is 
set below a critical value, will continue to glow until 
the switch 8 is opened momentarily. 

The oscillograph was installed in a sheet metal build- 



Fig. 3—Cathode Rat Oscillograph Station, Showing 
Potentiometer and Connection to Line 

Surge recorders on tower at left 

ing, Fig. 3, all parts of which were well grounded to 
shield the instrument from extraneous electrostatic 
fields. Connections from the transmission line to the 
oscillograph were made through an air insulated 
capacitor potentiometer shown in Fig. 4. The large 
plate A supplied voltage to initiate the sweep circuit 
which also denoted the arrival of a surge. The antenna 
wire B supplied voltage to the vacuum tubes which 
initiate the cathode beam. Voltage to the deflecting 


plates of the oscillograph was picked up by the small 
plate C, connections to which were carefully shielded 
from electrostatic fields which might be present due to 
other equipment in the vicinity. The plate C consisted 
of two parts, one below and one above the grounded 
wire screen. With the lower section only connected to 
the deflecting plates the beam sensitivity was one inch 
of deflection per million volts on the line, whereas with 
both upper and lower sections connected, the sensitivity 
was one inch deflection per 400 kv. on the line. These 
sensitivities were carefully checked using a million-volt 
lightning generator which was set up for studies of 
artificial lightning on another transmission line. 3 Tran¬ 
sient voltages of various values were applied to the 
upper grid of the potentiometer and oscillograms were 
recorded in exact fashion as when the station was being 
used for recording lightning voltages. The applied 
voltage from the lightning generator was measured at 
the potentiometer by means of sphere-gaps, and these 



Fig. 4—Cathode Ray Oscillograph Potentiometer 
Arrangement 

measured values of voltage were compared with the 
deflections produced in the oscillograph. 

The oscillograph was first put into operation for 
recording lightning voltage on May 11, and was 
operated during all lightning storms until the end of 
the season. The instrument was maintained in operat¬ 
ing condition at all times but was not evacuated to 
operating pressures when no storms were present on the 
system. Upon warning from the system operator of 
storms in the vicinity, the oscillograph bell was pumped 
down to operating pressure and the set was put in 
readiness for registering voltage surges. As a rule about 
twenty minutes time was required for the set to be put 
in operation after a storm warning was received. The 
potentiometer was set for a ratio of one inch deflection 
per 400 kv. when storms were distant, and one inch 
deflection per 1000 kv. when storms were in progress in 
the immediate vicinity of the station. 

Surge Voltage Recorder . The surge voltage recorder 
used was the General Electric two-electrode instrument 
which has been described in previous papers. 4 The 
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potentiometer used to connect it with the 140-kv. line, 
Fig. 5, was the conventional type consisting of an 
insulator string with grading shields and a ground 
connection to by-pass leakage currents around the 
shield supplying voltage to the instrument. 5 This 
type of potentiometer has been used dining the past 



Fig. 5—Surge Voltage Recorder Installation, Showing 
Standard Tower 



Fig. 6—Location of Surge Voltage Recorders and 
Cathode Rat Oscillograph on T-20 Transmission Line 

two years because it eliminates the formation of slightly 
damped Liehtenberg figures which are known to give 
an erratic indication of line behavior. Voltage ratios 
of this type of potentiometer have been carefully 
checked in the General Electric laboratories and found 
to be 68:1, 76:1, afod 77:1 for the various arrangements 


used in these studies. In all, 18 surge voltage recorders 
were kept in operation, the first one being installed and 
started May 8; all recorders were in operation by May 
27, and were kept running continually until October 4. 

Location of Equipment along Line, It was thought 
desirable to conduct these studies at a point 
considerably distant from the nearest substation in 
order that wave forms of lightning voltages would not 
be influenced by lightning arresters and other terminal 
equipment. Croton was chosen as the center of the 
investigation as it afforded a low-voltage power supply 



near the T-20 140-kv. transmission line, 40 miles from 
Grand Rapids, the nearest 140-kv. terminal. The 
oscillograph was located at a convenient point on the 
T-20 line at Croton, and surge recorders were connected 
along the line at points as indicated in Fig. 6. It may 
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Fig. 8—Hours of Operation of Oscillograph 

be noted that at the oscillograph station, recorders 
were connected to X, Y, and Z phases. At points one 
and three miles both north and south from the oscillo¬ 
graph station, recorders were connected to the Y phase, 
in order that some record might be obtained pertaining 
to the point of origin of lightning disturbances and to 
the voltage magnitude at various points along the line 
both directions from the oscillograph. With these 
instruments it was thought that data could be obtained 
which would correlate with that of the cathode ray 
oscillograph and which would also give information 
pertaining to attenuation of surge voltages as they 
travel along the line. 
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At tower 575 about 6 mi. north, and at tower 711 
about 7J4 mi. south of the oscillograph station, set-ups 
were made of three surge voltage recorders as shown in 
the diagram Fig. 7. These instruments, as may be seen 
from the diagram, were so arranged that one recorded 
voltage between line and tower, another voltage be- 
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equipped with ground wires there is a tendency for the 
towers to be raised to high voltage due to the charges 
induced on the ground wire. On towers whose footings 
rest in sandy or rocky soil of high resistance, the tower- 
to-ground voltage may be very high and may possibly 
be the same order of magnitude as the line-to-tower 
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Fig. 9—Oscillograms op Lightning Voltages 


A. 12-6 6-26-29 12:22 P. M. Low potentiometer ratio. Surge on 
T-20 line. No lightning visible at Oroton but reported at station 60 mi. 
north. Corresponds to Surge No. 14. See voltage profile, Pig. 11a 

B. 16-8 6-30-29 2:08 A. M. High potentiometer ratio. Surge on 
T-20 line. Lightning seen to strike near line south of Oroton. Flashover 
found on X and y phases at tower 682 (4.7 mi. from cathode ray oscillo¬ 
graph) thought to have resulted from this flash. Corresponds to Surge 
No. 21. See voltage profile. Pig. 11b 

O. 19-7 7-13-29 6:43 A. M. High potentiometer ratio. T-20 line arced 
overand burned down at Tower 608 (2.7 mi. from cathode ray oscillograph). 
Corresponds to Surge No. 31. See voltage profile Pig. lie 

tween line and ground, and a third between tower and 
ground. This set-up was made in an effort to study the 
distribution of voltage between the above mentioned 
parts when the line was subjected to li ghtning voltages. 
Theoretically, it appears that the voltage between line 
and ground should equal the sum of the voltages from 
line to tower, and from tower to ground. On lines 


D. 19-19 7-13-29 9:41 A. M. Low potentiometer ratio. T.20 trans¬ 
mission line was deenergized and out of service at the time of this regis¬ 
tration. Corresponds to Surge No. 33. See voltage profile Pig. 11d 

E. 20-8 7-24-29 11:10 P. M. High potentiometer ratio. Lightning 
near cathode ray oscillograph station. Corresponds to Surge No. 40 
See voltage profile Pig. 11js 

P. 21-4 8-13-29 8:48 A. M. High potentiometer ratio. Storming 
at Oroton. Corresponds to Surge No. 45. See voltage profile, Pig. 11 f 
GK 21-9 8-13-29 1:33 P. M. High potentiometer ratio. Storming at 
Oroton. Corresponds to Surge No. 48. See voltage profile Pig. llo 

voltage to which the insulators are subjected. As 
tower 575 is in a section equipped with ground wire and 
as it is in sandy soil with a footing resistance of 1150 
ohms, it offered an excellent opportunity for checking 
the above mentioned theory. Tower 711 presented 
the other extreme conditions in that it is in a section 
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soil with a footing resistance of three ohms. In order 
that data obtained on both towers 575 and 711 might be 
correlated with that obtained on the cathode ray os¬ 
cillograph, the connection to the line was made to 
Y phase. 

Results 

Cathode Ray Oscillograph. The cathode ray oscillo¬ 
graph was operated during 28 storms through the course 
of the 1929 lightning season. Fig. 8 shows the number 
of times the oscillograph was operated during the 
various hours of the day. 


magnitude. As the potentiometer ratio was necessarily 
adjusted to give the desired deflection for the highest 
value of voltage expected, many low magnitude tran¬ 
sients turned on the beam but did not produce enough 
voltage on the oscillograph plates to give an appreciable 
deflection. 

Surge Voltage Recorders. Throughout the lightning 
season the surge voltage recorders registered a total 
of 53 surges. Of these, 48 were due to lig htni ng, 1 was 
due to switching, and 4 resulted from unknown causes. 
The number and magnitude of surge voltages recorded 
are shown by the curve in Fig. 10. The characteristics 
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Date 

Time 

Pos. 

kv. 

Neg. 

lev. 

Front 

msc. 

voltage 

msc. 

Duratioi 

msc. 

l Pos. 
kv. 

Neg. 

kv. 

11- 3 

11- 7 
11- 8 

12- 6 

6-19-2G 

6-19-29 

6-19-29 

6-26-29 

12:11 a. m 
4:00 a. m 
4:05 a. m 
12:22 p. m 

0 

200 (?J 

150 

170 

3 

8 

20 

18 

40 

36 

Trace 

None 

250 

Trace 

Trace 

None 

Trace 

Trace 

15- 2 

6-29-29 

11:27 p. m. 


•• 

•• 

•• 

•• 

260 

260 

15- 3 
15- 4 
15- 6 
15- 8 

6-30-29 

6-30-29 

6-30-29 

6-30-29 

12:05 a. m. 
12:19 a. m. 
1:01 a. m. 
2:08 a. m. 

150 

0 

100 

530 

3 

4 

6 

8 

40 

30 

None 

None 

None 

Trace 

None 

None 

None 

540 

18- 7 

7- 8-29 

10:49 p. m. 

140 

80 

1- 

3 

60 

None 

None 

18- 8 
19-7 

7- 8-29 
7-13-29 

11:00 p. m. 
5:43 a. m. 

250 

150 

0.5 

2.0 

50 

None 

Trace 

None 
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19- 8 

7-13-29 

5:47 a. m. 

- 
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19 -9 
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0 
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4 

11 

30 

None 

None 

None 

None 

None 
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19-20 

7-13-29 

9:44 a. m. 

80 
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None 

None 

20- 3 
20- 7 
20- 8 

7-24-20 

7-24-29 

7-24-29 

5:14 a. m. 
11:07 p. m. 
11:10 p. m. 

0 

220 

3 

Flat top 

40* 

Trace 

None 

None 

Trace 

None 

None 
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20-11 

7-24-29 
7-24-29 : 

11:11 p. m. 
11:39 p. m, 
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None 
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21- 4 
21- 8 
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8-13-29 

8-13-29 
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8:48 a. m. 
1:29 p. m, 
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0 

0 

420 

7 

12 

50 

None 
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None 

None 
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Remarks 


Deflection not sufficient for analysis 
Deflection not sufficient for analysis 
Arc-over bn line. Location not known 
May have been positive voltage of very short dura¬ 
tion preceding main surge 
Deflection not sufficient for analysis. Line ap¬ 
parently grounded. Point unknown. Surge 
recorded by M. D. figures 
Deflection not sufficient for analysis. 

Dofloction not sufficient for analysis 
Deflection not sufficient for analysis 
Line may have arced over on X and Y phases at 
tower 682 

Front not registered. High frequency following 
crest for first 6 msc. 

Deflection not sufficient for analysis 
Oscillations during first 8 msc. Arc-over on line 
2.7 mi. north of Croton. Beam poorly focused 
May have been high frequency for first 2 msc. 

Probably result of switching surge 
Deflection not sufficient for analysis 
Deflection not sufficient for analysis 
High amplitude oscillations for first 3 msc. Line 
do-energized at time of surge 
Main wave very low amplitude. Damped oscil¬ 
lations beginning at 25 msc. Line do-onergized 
at time of surge 

Deflection not sufficient for analysis 
Deflection not sufficient for. analysis 
Wave flat top for 40 msc. after which no record was 
obtained 

Deflections not sufficient for analysis 

iilogram indefinite with very little doflection. 
Arc-over in Grand Rapids sub. Arcing ground 
No doflection of beam except sharp peak at 30 msc. 

ATn rl apl V.nn_l__ . . _ 


Sweep circuit failed to operate, 
recorded 


Only vertical line 


Transient voltages on the line caused the beam of the 
oscillograph to be initiated on 26 occasions, resulting in 
time-voltage lines on the photographic film. The 
characteristics of these oscillograms are listed in Table 
• Fig. 9 shows reproductions of the seven registrations 
which represented voltages above 200 kv. Some of the 
registrations showed almost no deflection and were 
practically straight lines on the zero axis. The oscillo¬ 
graph was so adjusted that it was actuated by a rela¬ 
tively low value voltage transient, in order that it 
might be fully turned on by any surge of appreciable 


of the lightning surge voltages are shown in Table II. 

Lightning transients were simultaneously recorded 
on a number of the surge voltage recorders in operation, 
and therefore are indicative of the attenuation of 
voltage surges as they travel along the line. Voltages 
of high values (1000 to 1500 kv.) attenuated very 
rapidly as is illustrated by the profile of surge No. 21, 
Fig. 11b. This particular transient reduced in value 
from 1650 kv. to 540 kv. in a distance of three miles, or 
an average rate of almost 400 kv. per mile. Voltages 
of low values, of which Surge No. 37, Fig. 11h is an 
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example, apparently travel along the line with almost 
no decrease in voltage value. . 

The information gained at towers 575 and 711, Fig. 7, 
was not so conclusive as might have been expected. 



Evidently the difference between the line-to-tower and 
line-to-ground voltage is not ordinarily of sufficient 
magnitude to be definitely indicated by the surge 
voltage recorder, which due to its inherent characteris¬ 
tics, records only approximate values of voltage. The 
line-to-tower voltage sometimes registered higher than 


TABLE II 

CHARACTERISTICS OP LIGHTNING VOLTAGES 
Surge Voltage Recorder Data 


• 


Highest 


Number 

recorded 

Type of surge 

of surges 

voltage Kv. 


39 

1650 


9 

280 

Oscillatory having positive value exceeding the 



negative value. 

Oscillatory having negative value exceeding the 

10 

620 

positive value... 

Oscillatory having positive and negative values 

21 

1650 

equal...... 

8 

570 

Unidirectional of positive polarity. 

1 

280 

Unidirectional of negative polarity... 

8 

280 

Recorded by highly damped Lichtenberg figures., 
Recorded by highly damped and medium damped 

35 

1650 

figures mixed. 

12 


Recorded by medium damped Lichtenberg figures. 

1 

400 


the line-to-ground voltage, and vice versa. However, 
a number of registrations of tower-to-ground voltages 
was obtained which indicated that transmission line 
towers may be frequently raised to a rather high volt¬ 
age with respect to ground. Registrations of tower-to- 
ground voltages are listed in Table III. 

The one switching surge recorded reached a maximum 
value of 260 kv. and was recorded by IAchtenberg 
figures of highly damped characteristics. Surge volt-, 
ages resulting from unknown causes were four in number 
with a maximum value of only 500 kv. 

Correlation of Cathode Ray Oscillograph a/nd Surge 
Voltage Recorder Data. Profiles of voltages measured 
on the surge recorders simultaneously with registra- 


TABLE III 

VOLTAGES RECORDED BETWEEN TOWER AND GROUND 




Voltage in kv. . 

Surge No. 

Line-to-tower 

i 

Line-to-ground 

Tower-to-ground 

1 --I- 



_ 

+ — 

+ 

- 

18 

None 

None . 

None None 

None 

Trace 

31 

285 

390 

No record 

6.8 

5.5 

33 

265 

300 

No record 

6.8 

3.5 

42 

265 

275 

No record 

3 

3 

47 

330 

290 

265 | 330 

3 

3 

49 

650 

1500 

520 | 650 

6.8 

3 


tions on the cathode ray oscillograph are illustrated by 
the curves of Fig. 11. Some of these profiles are of 
individual interest. 

Surge No. 21, Fig- 11b, and its corresponding oscillo¬ 
gram 15-8, Fig. 9b, gives the most complete record of 
any obtained throughout the season. The stroke of 
lightning which produced it was observed by the oscillo¬ 
graph operators, and later inspection of the line showed 
flashovers on phases X and Y at tower 682, approxi¬ 
mately 4.7 miles from the oscillograph station. Scrub 
oak in contact with the base of the tower were killed by 
the electrical discharge although very little burning was 
noted. The wave recorded, Fig. 9b, is smooth and 
shows no indication of having been chopped, although 
flashover took place on the phase to which the oscillo¬ 
graph was connected. The record seems quite con¬ 
sistent in view of the fact that the footing resistance of 
tower 682, on which flashover occurred, is 600 ohms. 
With this value of resistance in series with the dis¬ 
charge path, it might be expected that the wave would 
have a point of discontinuity representing the time of 
flashover; but thereafter the shape of the wave would 
not be materially affected by the breakdown, although 
the magnitude would be reduced. The values of 
voltage recorded by the surge voltage recorders are very 
high as compared with the commonly accepted value of 
insulator flashover for the type of wave recorded. 
Cloud fields terminating on the rings of the potenti¬ 
ometers, or other factors, may possibly have caused the 
recorders to give erratic readings. 

Surge No. 31, Fig. 11c and its corresponding oscillo¬ 
gram 19-7, Fig. 9c, represent the records obtained at the 
time of a line failure at tower 608, 2.7 mi. north of the 
oscillograph station. A lightning discharge apparently 
established an arc between the top and middle con¬ 
ductors ( Y and Z phases) and flashed over the bot¬ 
tom insulator string (X phase). The middle conductor 
was burned off at a point about four feet from the in- 
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sulator string. Tower 608 is only 1600 ft. from tower 
605 on which a surge voltage recorder was connected to 
F phase. The recorded value of voltage, 675 kv. from 
line to tower, seems somewhat low. This section of 
line is equipped with a ground wire and is characterized 
by tower footing resistances ranging from 100 to 250 
ohms. It is possible that the charge on the ground 
wire raised the potential of the structure of tower 605, 


From Fig. 6 it may be seen that both the oscillograph 
and a surge voltage recorder were connected to the Y 
phase at tower 635. Comparison of the data obtained 
from these two instruments, Table IV, shows their 
relative performance. 

From the above table it may be seen that the oscillo¬ 
graph recorded many voltages which produced no 
registrations on the surge voltage recorder. Of the 
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Fig. 11—Profiles of Voltages Along Link 
S urge voltage recorder data 
Horizontal divisions represent miles 

A. Snrgo No. 14. See oscillogram 12-6, Fig. Oa 

B. • ■ 21. * 16-8. “ 9b 


thereby reducing the line-to-tower voltage. The os¬ 
cillogram recorded is somewhat lacking in detail as the 
beam was poorly focused. 

Oscillogram 19-19, Fig. 9 d, and its voltage profile, 
Surge 33, Fig. 11 d, are of interest in that they were 
recorded at a time when the line was out of service, and 
therefore are in no way influenced by the power fre¬ 
quency voltage. The wave shape is, however, quite 
similar to others recorded at times when the line was in 
operation. 


four surges which registered on the recorder but not on 
the oscillograph, only one was sufficient to produce a 
measurable Lichtenberg figure on the film. This 
figure represented a positive voltage of very low value 
and a negative voltage of 300 kv. A momentary in¬ 
terruption to the oscillograph power supply experi¬ 
enced at about the time of this registration may account 
for the failure of the oscillograph to operate. 

Discussion op Results 

Wave Shapes . As may be seen from Fig. 9 and 
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TABLE IV 

Relation between Operation op Cathode Ray 


Oscillograph and Surge Voltage Recorder 
on Y Phase at Tower 635 

Total number of cathode ray oscillograms.26 

Total number of surge voltage recorder registra¬ 
tions. 16 

Number of times surge voltage recorder registered 
when cathode ray oscillograph was not in 

operation. 2 

Nimber of times both cathode ray oscillograph and 

surge voltage recorder registered. 10 

Number of times only cathode ray oscillograph 

registered. 16 

Number of times only surge voltage recorder 
registered. 4 


Table I, the oscillograms showed certain definite char¬ 
acteristics of lightning voltages. The wave fronts 
ranged from approximately one-half to eight micro¬ 
seconds, the majority being less than five microseconds. 
On oscillograms 12-6,18-7,19-7,19-19, and 21-9, high- 
frequency oscillations of considerable value are shown 
.superimposed on the front of the main wave. The 
fronts of waves shown on oscillograms 15-8 and 20-8 are 
very smooth and free of oscillations. With one ex¬ 
ception the total duration of the transients ranged 
from 30 to 50 microseconds. Oscillogram 20-8 showed 
a flat top wave which was sustained at practically 
constant value for a period of 40 microseconds, at which 
time the record was ended by the beam being cut off 
automatically. The total duration of the transient 
may have been far in excess of 40 microseconds. 

In considering the oscillograms recorded, it must be 
borne in mind that they represent the time-voltage 
characteristics of traveling waves, and therefore may 
not be indicative of the voltage impressed on insulator 
strings at the centers of the disturbances. In no case 
was an oscillogram recorded of a stroke of lightning in 
the immediate vicinity of the station. The wave shapes 
recorded are probably dependent on at least three 
factors: the time characteristics of the lig h tning dis¬ 
charge, the geometry of the cloud field, and alterations 
from various influences as the waves traveled along the 
line to the oscillograph station. The records, however, 
are probably representative of the waves to which 
station equipment is subjected due to storms over 
connecting transmission lines. 

The records of both the cathode ray oscillograph and 
the surge voltage recorder throughout the past summer 
showed a predominance of negative surges. Since both 
instruments recorded a number of positive surges, the 
above tendency cannot be due to inherent characteris¬ 
tics of the equipment. 


.The rates of attenuation of voltage surges recorded 
in these studies have checked in general those obtained 
in other tests with surge voltage recorders and with 
artificial lightning. No data are available from these 
tests which would indicate the factors affecting reduc¬ 
tion of voltage with travel along the line. Studies with 
artificial lightning will probably be necessary to deter¬ 
mine if loss of energy, change of wave shape, or other 
causes produce this decrease in voltage. 

The voltages measured between tower footing and 
ground were of surprisingly high magnitude and 
demonstrate the necessity of auxiliary grounds on 
towers whose footing are of high resistance. From both 
the standpoint of electrical operation and the standpoint 
of safety, tower resistances should be carefully checked, 
particularly on lines provided with ground wires. 

Studies of lightning made during the past few years 
have assisted in solving many of the problems en¬ 
countered in transmission line operation. Continuation 
of this work in the future should add materially to the 
.information now at hand, and some day it is hoped, 
make possible the design of a lightning-proof line of 
reasonable cost. 

Acknowledgments 

The writers wish to acknowledge the assistance of the 
General Engineering Laboratory of the General Elec¬ 
tric Company who furnished the surge voltage recorders 
for the investigation and of the Lightning Arrester 
Engineering Department whose members assisted with 
an artificial lightning generator in checking the opera¬ 
tion and calibration of the oscillograph. 

Bibliography 

1. Surge Voltage Investigation on the 140 -kv. System of the 
Consumers Power Company During 1927 , J. Gk Homs treat and 
J. R. Eaton, A. I. E. E. Quarterly Trans., Vol. 47, October 1928, 
p. 1125. 

2. A New Type of Hot Cathode Oscillograph and Its A pplication 
to the Automatic Recording of Lightning and Switching Surges, 
R. H. George, A. I. E. E. Quarterly Trans., Vol. 48, July 1929, 
p. 884. 

3. Traveling Waves on Transmission Lines with Artificial 
Lightning Surges , K. B. McEachron, J. G. Hemstreet, and W. J. 
Rudge, presented at the Winter Convention of the A. I. E. E. 
January 1930. 

4. The Measurement of Surge Voltages on Transmission Lines 
Due to Lightning , E. S. Lee and C. M. Foust, A. I. E. E. Trans., 
Vol. XLVI, 1927, p. 339. 

5. “Transmission Line Insulation and Field Tests Pertaining 
to Lightning,” W. W. Lewis, General Electric Rev., July 1929, 
pp. 364-376. 


Discussion 

For discussion of this paper see page 928. 









Traveling Waves on Transmission Lines 


with Artificial Lightning Surges 

BY K. B. McEACHRON,* J. G. HEMSTREET,f and 


Member, A. I. E. E. 


Associate, A. I. E. 


W. J. RUDGE* 

Associate: A. I. E. E. 


Synopsis. The paper describes tests on a transmission line of 
the Consumers Power Company using a portable million-volt 
impulse generator . 

Data were secured on attenuation with one, two, and three con- 
ductors in parallel , with and without ground wires . A study was 
made of the influence of ground toires in reducing voltages induced 


by overhead discharging clouds and also the effect on surges of 
entering or leaving a section of line having ground wires, A brief 
study was made comparing steel and copper for ground wires. 
The effect of ground resistance in tower footings was considered 
and a method given for measuring surge impedance of transmission 
lines. 


I N May 1929 the General Electric Company and the 
Consumers Power Company began a joint investi¬ 
gation, having for its object the securing of informa¬ 
tion which will serve to give definite figures for the 
various effects which take place when overhead circuits 
are subjected to traveling waves such as those caused 
by lightning. During the previous summer a certain 
amount of preliminary work was done using a portable 
impulse generator having an open circuit potential of 
400 kv. on a 66-lev. circuit of the Turners Palls Power 
and Electric Company. 1 This work has been continued 
this summer and some of the data obtained, partic¬ 
ularly on attenuation, will be found in this paper. 
Other data dealing with choke coils have been published 
ecently. 2 

The historic S-19 transmission line of the Consumers 
Power Company between Croton Dam and Grand 
Rapids, which was the first line to transmit electrical 
energy at 110,000 volts, was set aside for the study 
of transients produced artificially. At Croton Dam 
an outdoor laboratory, housing a cathode ray oscillo¬ 
graph, was erected for the purpose of securing records 
of natural lightning on the T-20 line. 3 Results of an 
investigation with surge voltage recorders on the Con¬ 
sumers system have already been published. 4 In making 
the study on the S-19 line the cathode ray oscillo¬ 
graph was available for determining‘the wave form 
of impulses at the laboratory end of the line. 

The impulse generator used in these tests was a 
portable million-volt equipment 6 consisting of 40 hanks 
of capacitors, each bank having a capacity of 0.50 ft, f. 
The banks are charged in parallel to 25 kv. and dis¬ 
charged in series as is done in the Marx circuit. 6 The 
connections are so arranged that the polarity of the 
generator may be changed at will, which is very neces¬ 
sary for the type of tests to be described in the paper. 
The power requirements for the impulse generator are 
such that it may be operated from a 110-volt li g h ting 
circuit. Pig. 1 shows the million-volt generator set 
for test at Croton Dam. 


The S-19 line is approximately 45 mi. in length and 
is not paralleled by any other lines except for a short 
distance near Grand Rapids. It is of three legged steel 
tower construction, the steel being set' in the earth 
with concrete footings somewhat similar to the present 
Malone anchors. The conductors are 72,670 circular 
mil, seven strand copper, insulated with seven insulators 
spaced 4% in. The line does not have a ground wire 
nor are the conductors transposed. Fig. 2 shows a 
typical tower construction. 

The cathode ray oscillograph for recording lightning 
surges is installed on the T-20 line about 1000 ft. from 



Fig. 1—One Million-Volt Impulse Generator Set up for 

Tests 

the Croton Dam generating station and the S-19 line 
was extended to this point, four additional towers being 
required. The impulse generator was set up one span 
away from the oscillograph and the line provided with 
jumpers at this point, so that the impulse could be 
sent either to the oscillograph for checking the open 
circuit wave, or out on the line. It is also possible to 
connect with the T-20 line and this was done for the 
purpose of checking the calibration of the cathode ray 
oscillograph on this line. 3 


♦General Electric Company, Pittsfield, Mass. 
fConsumers Power Company, Jackson, Mich. 

1. For references see Bibliography. 

Presented at the Winter Convention of the A. I. E. E„ New York 
N. Y., Jan. 27-81, 1980. 


Most of the measurements given in this paper were 
made with sphere-gaps which were moved along the 
line by truck, communication being maintained with 
the impulse generator and oscillograph stations by 
tapping local telephone lines. 
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Attenuation 

The problem of attenuation of surges on transmission 
lines is important from the operating standpoint as 
well as being of great importance from a purely scien¬ 
tific point of view. Knowledge of attenuation makes 
it possible to determine the distance that surges can 
travel and still be dangerous to connected apparatus. 
In this paper attenuation will be understood to refer 
to the decrease in crest surge voltage without regard 
to change of wave shape. 

Corona loss 7 is now generally regarded as one of the 
most important factors affecting attenuation. Some 
attempts have been made to deduce the rate of attenua¬ 
tion of surges from the constants in the known empirical 
formulas for corona loss on lines at power frequency 
voltages. It is extremely improbable, however, that 
the final state of breakdown of the air occurring at 
these frequencies is reached in the duration of the 
lightning surge especially if its time above the corona 



Pig. 2—Typical Three-Post Tower Showing the 
Arrangement of Conductors 

voltage is short as in the case of an insulator flashover 
on or near the front of the wave. Without entering 
into any extended theory of attenuation, a brief dis¬ 
cussion of the more important factors will be given. 

Effects of Parallel Conductors 
The formation of corona around a conductor occurs 
when the potential gradient in this space exceeds a 
value known as the critical corona voltage. This 
gradient is very nearly proportional to the charge on 
the conductor. At a given potential the charge is 
proportional to the electrostatic capacity of the con¬ 
ductor to the earth. The electrostatic capacity of the 
conductor to earth is affected by the presence of other 
charged conductors nearby, being increased when the 
other conductors are charged to the opposite sign and 
decreased when they are changed to the same sign. 

When a surge is traveling on a number of conductors 
inparallel, as is always the case on an actual transmission 


line, the capacity to earth is of one conductorreduced by 
the presence of surges of the same sign on the other con¬ 
ductors. Thus the charge on each conductor at a given 
surge voltage is less and so the potential gradient and 
consequently the corona is less on each conductor than 
would be the case, with a single conductor. Following 
out this line of reasoning one would expect to find the 
attenuation less when several conductors in parallel 
were carrying the same surge. The tests made show 
conclusively that increasing the number of conductors 
in parallel decreases the attenuation. 

Effect of Polarity 

It is a well-known fact that there is a considerable 
difference in the appearance of positive and negative 
corona. 8 With dissimilar electrodes, as in a pin-type 
insulator, flashover will take place at a lower potential 
when the cap is positive than when negative, although 
as the rate of potential application is increased the 
positive and negative spark potentials approach a 
common value. 9 Thus one would expect that a differ¬ 
ence would exist in the corona loss for positive and 
negative impulses and that in general the loss for the 
positive impulse would be greater. On this basis, 
the attenuation with negative impulse should be less 
than for the positive impulse, which was in general 
found to be true. Since, however, the insulator tests 
referred to showed that as the time to breakdown 
became less the difference between positive and nega¬ 
tive impulses disappeared, it is reasonable to expect 
that with extremely short waves positive and negative 
attenuation would be equal. The only tests made with 
short wave were made with a chopped wave having a 
seven-microsecond front which was probably much too 
long to give equal values of attenuation for positive and 
negative surges. 

Effect of Length of Waves 

The state of .breakdown of the air in the corona area 
around a conductor is changing very rapidly during the 
passage of a surge, and consequently the attenuation 
varies on different parts of the surge. This would 
affect the attenuation of surges, the amount depending 
upon the wave shape. Thus if the corona loss 10 was 
greatest during the initial stages of breakdown, a short 
wave would suffer more attenuation than a long wave. 
The tests made have shown that attenuation is de* 
pendent on wave shape. 

Effect of Ground Wire 

With a traveling wave the ground wire takes up a 
charge of opposite sign to that of the wave in the line 
conductor and as pointed out previously this results in 
an increased charge on the line conductors which results 
in an increased corona loss at a given potential. This 
effect tends to increase the attenuation. On the other 
hand the increase in charge results in an increase of 
energy of the surge which tends to decrease the at¬ 
tenuation. It has been assumed 11 that the resultant 
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effect of the ground wire is to increase the attenuation, 
but the attenuation was found to be less with the ground 
wire especially in the case of the negative impulse on 
the line conductor. Apparently the increases in surge 
energy and corona loss are more or less balanced in the 
case of the positive impulse but with the negative surge 
the increase in surge energy seems to be greater than 
the increase in corona loss resulting in a decreased 
attenuation. 

Test Results 

The attenuation tests Were made using three different 
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Fid. 3—Attenuation with Steep Waves on One, Two, and 
Three Conductors 

wave forms, a fast wave reaching its crest in less than 
one microsecond, a slow wave reaching its crest in 
seven microseconds, and a chopped wave produced by 
cutting off the slow wave at its crest by the use of a 
parallel sphere-gap. These waves of both positive and 
negative polarity were applied to a single conductor 
and also to two and three conductors in parallel. As 
the S-19 line was not provided with a ground wire the 
influence of the ground wire on attenuation was studied 
by grounding the conductors at approximately one-half 
mile intervals. 

In Fig. 3 are given curves showing the variation in 
measured crest voltage with distance along the line for 
both positive and negative steep waves applied to a 
single conductor and to two and three conductors con¬ 
nected in parallel at the impulse generator. The ap¬ 
plied voltage decreases with the number of conductors 
in parallel because of the increased load on the surge 
generator due to the decreased surge impedance when 
several conductors are connected in parallel. The 
positive wave in each case shows more attenuation for 


positive and negative impulses on one, two, and three 
conductors. The results with a single conductor show 
that the negative impulse has decreased from 475 kv. 
to 90 kv. and the positive from 415 kv. to 60 kv. as a 
result of traveling 30 miles. It is interesting to compare 
these results with those given by Lewis 7 which were 
obtained from studies with the surge records from 
lightning storms. Lewis gives a formula derived by 
Foust and Menger in which the voltage e at a point s 
miles from the point of inception is as follows: 

e = —- 

1 C S So "f" 1 

where e 0 is the voltage at the point of origin, and k a 
factor found empirically. 

This equation fits the data given in Fig. 4 fairly well 
for the first ten miles beyond which the loss due to 
corona becomes small. Mr. E. W. Boehne has sug¬ 
gested that $ in the equation be replaced by s n which 
with the proper values for n checks the curves closely. 
In Fig. 5 are given the values for u and k for the various 
conditions of the test. The values of both n and k are 
dependent on many factors which the present investiga- 



MILES 

Fig. 4 Attenuation with Slow Waves on One, Two, and 
Three Conductors 

tion did not diclose. The values given apply only to 
the slow wave used and the particular line tested. 

It is of interest to note that on the Turners Falls 
Line 1 a brief study of attenuation on a single conductor 
gave for n a value of 0.75 and k 0.00069 with an e„ of 
230 kv. These values are quite different from those 
obtained on the S-19 line and indicate that the values 
of n and k must be determined for each individual 
condition considered. 


potentials in excess of 200 kv. than does the negative. The results of the tests made with the chopped slow 
The attenuation tests with the slow wave extended wave are given in Fig. 6, which shows not only the 
over a distance of 30 mi. from the impulse generator, decrease of the positive and negative surge with distance 
The results are given in Fig. 4. These data cover both but also show the potential on the free conductor where 
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such existed. It is interesting to note that the change 
of potential of the free wire with distance is very small 
and approaches the potential of the conductors carrying 
the original,surge. When the surge was applied to the 
bottom conductor the top conductor assumed an initial 
potential of about 30 per cent of the applied. This 
increased to 50 per cent when the impulse was applied 
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and one set with the top and middle conductors acting 
as ground wires. Plotted with these curves are the 
results for the same Conditions with no grounded wires. 
The impulse was always applied to the bottom con¬ 
ductor at tower C. Tests were made with both positive 
and negative impulses. In comparing these tests it 
should be remembered that the top and middle con¬ 
ductors are 8 ft. and 14 ft. respectively, from the bottom 
conductor, which means that the top conductor acting 
as a ground wire will influence the bottom conductor 
more than the middle wire will when it is grounded. 

Referring to Fig. 7 the attenuation with the positive 
impulse seems to be only slightly affected by the 
presence of one or two ground wires, although the 
tendency seems to be definite at potentials above 200 

600 


400 

200 

0 



Fig. 5—Attenuation Constants for S-19 Line 

to the middle and bottom conductor in parallel. It is 
to be noted that the potential of the free wire and of 
conductors carrying the surge have all come to the 
same value in a distance of 5.7 mi. Comparing the 
results of the chopped wave with those given in Figs. 3 
and 4 for the fast and slow wave it is evident that the 
attenuation is greater with a single conductor than with 




MILES 

Fig- 7—Attenuation on Line Under Influence of Ground 

Wires 

A surge on bottom conductor—top conductor grounded 
B surge on bottom conductor—top and middle conductor groundod 
C surge on bottom conductor—no ground wires 



MILES 

Fig. 6—Attenuation with Chopped Slow Waves on One, 
Two, and Three Conductors 


kv. for a decreased attenuation with ground wires. 
Expressed in distance of travel to suffer the same 
reduction in potential, the positive impulse without 
ground wires traveled 5.8 mi. to reduce from 360 kv. to 
190 kv. while with one ground wire the corresponding 
distance was 6.8 mi. and with two ground wires the 
distance was 7 mi. 


simultaneous surges on multiple conductors, and that 
this effect is much more pronounced with the chopped 
wave than with the others. This may be due to the 
transference of a larger percentage of the wave energy 
to the free conductors in the case of the chopped wave. 
Some indication of this energy transfer is found in the 
voltages measured on the free conductor as seen in Fig. 6. 

Considerable work was done in the study of attenua¬ 
tion with ground wires, the results shown in Fig. 7 being 
representative of the results obtained. Two sets of 
curves are given, one with the top conductor grounded 


With negative impulses of a potential of the order 
used in these tests the attenuation was considerably 
decreased by the presence of ground wires. To illus¬ 
trate, from the curves without the ground wires it may 
be seen that the potential decreased from 380 kv. to 
180 kv. in a distance of 7.4 mi. while with one ground 
wire the distance required for the same decrease was 
14 mi. and with two ground wires, extrapolating the 
results slightly, this distance is of the order of 15 mi 
These results indicate that for positive impulses the 
ground wires have but little effect on the attenuation. 
In the case of negative impulses it appears that the 
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presence of one ground wire so decreases the attenuation 
that the impulse may travel twice as far with the ground 
wire as without. Two ground wires increase this effect 
slightly. The idea that ground wires should damp out 
traveling wayes quickly does not seem to hold; in fact 
the tests show that the reverse is true. This does not 
mean that ground wires are not useful in reducing the 
potential which would otherwise have been present 
when the line is under a discharging cloud, nor does it 
mean that the ground wire would not be helpful in case 
of a direct stroke of lightning to the ground wire or line 
wires. As shown in the section dealing with the “Study 
of Ground Wires” the reduction of potential during 
the release of the bound charge on the S-19 line is of the 
order of 20 per cent, while the calculated value was in 
the neighborhood of 23 per cent, considering the middle 
wire acting as the ground wire. When the top wire acts 
as the ground wire the calculated reduction isof theorder 
of 30 per cent and it is assumed that by test this reduc¬ 
tion might also be of the order of 30 per cent. Assume 
by way of illustration that a potential of 460 kv. be 
taken as the induced potential without ground wire and 
300 kv. as the potential on the bottom wire with the top 
wire acting as a ground wire. From Fig. 7 the respective 
attenuations for the bottom conductor bring the curves 
together after a travel of 7 mi., which means that as far 
as terminal apparatus is concerned the effect of the 
ground wire is lost'after traveling over the distance of 
7 mi. With the positive impulse the case for the ground 
wire is better for in traveling 7 mi. impulses which began 
as a traveling wave of 400 kv. without the ground wire 
and 260 kv. with it would be 170 kv. and 135 kv. 
respectively, which shows that the original 30 per cent 
difference had been reduced to 20 per cent by traveling 
7 mi. on the S-19 line. In 11.5 mi. this difference has 
been reduced to about 10 per cent. 

These tests indicate that the ground wire acts most 
efficiently when the storm is close to the point con¬ 
sidered as will always be the case with line insulators, 
or when storms are close to station apparatus. It is 
fortunate that this condition exists for the most damag¬ 
ing impulses undoubtedly will be found nearest the 
point of inception. 

Study op Ground Wires 

A brief review of the theory of the ground wire will 
first be given in order that the significance of the tests 
to be described may be more fully appreciated. 

When a cloud over a transmission line becomes 
charged all of the conductors of the transmission line 
including the ground wires take up charges having a 
polarity opposite to that of the cloud. This action is 
easily understood when it is remembered that charges 
of unlike sign attract with the result that charges of a 
polarity opposite to that of the cloud are drawn up 
from the ground onto the ground wires while similar 
charges on the line conductors are not only drawn from 
the ground by leakage over insulators, but from other 
sections of line not under the cloud. 


When the lightning discharge takes place the charges 
on the ground wires are free to pass directly to the earth 
while the charges on the line conductors travel into 
other portions of the system as traveling waves. It is 
the function of the ground wires to reduce the potential 
appearing on the line conductors just after the lightning 
discharge takes place but before the charges begin to 
travel along the line wires. The mechanism of this 
reduction is frequently divided into two parts which will 
be referred to as the first and second actions of the 
ground wire. 

It has already been pointed out previously in this 
paper that when parallel conductors have charges of 
the same sign, the capacity to ground and the charges 
at a given potential are both less than they would have 
been without the charges on parallel conductors. This 
is exactly the case with the ground wire which initially 
has a charge of the same sign as that on the line con¬ 
ductors so that the line conductors have a smaller 
charge and a smaller capacity to ground because of the 
presence of k similar charge on the ground wire. It is 
assumed that the charge on the ground wire runs off to 
earth in zero time, so that the line conductors find 
themselves with an increased capacity, because of the 
elimination of the charge on the ground wire, but with 
the same charge that they had with the original capac¬ 
ity. As the product of the potential and the capacity is 
equal to the charge which is constant, an increase in 
capacity results in a decrease in potential which con¬ 
stitutes the first effect of the ground wire. 

The second effect, which is smaller in magnitude than 
the first, results from a further increase in capacity of 
the line conductors as the ground wires take up charges 
of the opposite sign. In this case the grounded con¬ 
ductor acts in a manner similar to the manner in which 
all of the conductors acted when they were in the 
original cloud field, except that the cloud field is re¬ 
placed by the field of the line conductors to ground. 
The total effect of ground wires in reducing the potential 
on the line conductors during the release of a bound 
charge is the sum of the first and second effects. It is 
interesting to note that the sum of the first and second 
charges on one or more ground wires is just equal to the 
charges they would have had if no other conductors 
were present. For purposes of calculation, the first 
and second effects of the ground wire are conveniently 
considered together, and in the tests to be described the 
effects were studied together, but the second effect was 
also studied separately. 

Study of the Total Effect 
It is not possible to reproduce exactly the conditions 
existing in a cloud field with the apparatus at present 
available. However, a fair measure of the effect on the 
potential of the line conductors, of changing the charge 
on the ground wire may be obtained by theuseof travel¬ 
ing waves, although the ground wire theory is predicated 
on static conditions. As pointed out previously, the 
potential of any one conductor is affected by charges 
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bn the parallel conductors, and this is true whether the results will come from still lower resistances, particularly 

from the standpoint of direct strokes of lightning near 
the towers. 


4-aa+e Viottii Vtoan mafta ftT. different 


charges are moving or stationary. 

In making the tests to show the total effect, the three 
conductors were connected together at Croton Dam and 
an impulse applied to all three in parallel, as shown in 
Fig. 8. The middle conductor was grounded succes¬ 
sively at towers 50, 52, and 55 which had resistances of 
76.4 ohms, 28.4 ohms, and 7.5 ohms respectively. 
Voltages were all measured at tower 56. 

Although in practise the different conductors will 



Fig. 8— Set-Up for Study of Total Ground Wire Effect 

assume different potentials because of their different 
heights, this difference was neglected as being small, 
the same surge being applied to all three conductors. 
The surge applied had a front of about 10 microseconds 
and traveled a distance of 5.5 miles to reach tower 56, 
where the measurements were made. The results 
obtained are given in Table I and show the protective 
value of the ground wire which is the same for both 
positive and negative impulses. 


TABLE i 

TOTAL GROUND WIRE EFFECT 


Tower at which 

Voltages measured kv. 
at tower 50 

Protective factor 

was grounded* 

Top 

Middle 

Bottom 

Top 

Bottom 

No grounds. 

178 

168 

177 

100% 

100% 

83.5 

50. 

40 

146 

50, 52. 


34 

145 


83.0 

50,52, 55.. 

143 

4.3 

142 

80.6 

80.0 


♦The ground resistances were—Tower 50, 76.4 ohms; Tower 52, 28.4 
ohms; Tower 55, 7.5 ohms. 


The calculated protective factors for the total effect 
assuming the middle conductor at earth potential are 79 
per cent and 77 per cent for the top and bottom con¬ 
ductor respectively. 

The data obtained for the bottom conductor are 
plotted in Fig. 9 and show a protective factor of slightly 
less than 80 per cent where the curve crosses the zero 
ground wire voltage axis. 

It is interesting to note that the greatest reduction of 
potential occurred at the first tower although the tower 
resistance was 76.4 ohms, the ground wire potential 
being reduced to 24 per cent and the line conductor to 
83.5 per cent of the original values. This indicates that a 
large part of the benefit of the ground wire for reduction 
of induced discharges will be retained with tower footing 
resistance of the order of 75 ohms. Of course still better 


locations on the S-19 line, some with steel and some 
with copper ground wire, which also check the calcu¬ 
lated values closely. 

Study op the Second Effect 

The second ground wire effect involves a considera¬ 
tion of the change in potential of a conductor when the 
ground wire assumes a charge of opposite sign as a result 
of being placed in the field of the charged conductor. 

In order to get experimental data on this effect a 
transition point was created on the S-19 line at a dis¬ 
tance of 5.5 mi. from the impulse generator which was 
far enough for measurements to be unaffected by 
reflections from the impulse generator. At this point 
the top and middle conductors were cut. In one case 
grounds were put on the top and middle conductor from 
tower 58 to. 160, a distance of 11.5 mi. while the same 
conductors were left floating from tower 57 to the 
impulse generator. Both positive and negative waves 
having fronts of 7 microseconds were applied to the 
bottom conductor and voltage measurements made with 
spheres at suitable points along the line both in the 
grounded and ungrounded sections of the line. 

This test was repeated with the' reverse conditions, 
the top and middle conductors being grounded from 
tower 57 to the impulse generator location. The 
impulses were applied as before to the lower conductor 
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Fig. 9—Protective Factor using Ground Wire 

and emerging from under the grounded conductors at 
tower 57. These data are show plotted in Fig. 10 and 
bring out some important conclusions. Considering 
case I, in which the impulse enters the grounded section 
at tower 57, a point of inflection occurs in the attenua¬ 
tion curves which shows a reduction in potential due to 
the presence of the ground wires. The change in the 
curves occurs at a point about one mile back from the 
beginning of the ground wire section. Thfc effect of the 
ground wires may be seen by extrapolating the curves 
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without the ground wires which indicates a reduction of 
about 8 per cent due to the ground wires. It should be 
possible to apply the attenuation curve C of Fig. 7 for 
the first three or four miles of this curve, but for some 
unknown reason curve C shows considerably increased 
attenuation for the same initial value of poten tial . 

In Fig. 10, case II, the attenuation curves are shown 
for an impulse passing from the ground wire section into 
a section without ground wires. In order to show the 



Fig. 10—Effect on a Surge op Entering or Leaving a 
Section Equipped with Ground Wires 

change in potential clearly, the attenuation curve B 
from Fig. 7 has been superimposed and indicates an 
increase of potential of 8 per cent for the negative im¬ 
pulse and slightly more for the positive impulse. As 
with case I, the effect of the ground wire is felt a distance 
of about one mile back from the transition point. 
Measuring only crest potentials with a sphere-gap the 
effect of the partial reflection would extend back from 
the point of change in impedance and a distance slightly 
greater than half the. length of the wave front. If the 
wave had been perpendicular, full crest potential would 
have measured up to the reflection point, assuming , of 
course, no time lag for the measuring sphere-gaps. 

. It should be noted in connection with these curves 
that the attenuation is much the same for positive 
waves, whether under the ground wire or not, while with 
the negative waves there seems to be a definite tendency 
for less attenuation under the ground wires. This 
situation is clearer in connection with case II than it is 
for case I. These results agree with those discussed in 
connection with Fig. 7 under the general subject of 
attenuation. 

Considering all of the values obtained a value of 8 per 
cent may be taken as the second ground wire effect, 
which is to be compared with the 6 per cent calculated 
reduction when passing from a conductor having a 
surge impedance of 530 ohms to a surge impedance of 
470 ohms which was calculated for the S-19 line with 
the top and middle conductors grounded. 

Thus the sum of the first and second ground wire 


effects gives a total reduction of 20 per cent for one 
ground wire. With two ground wires the first effect 
will be increased. The tests indicate that the second 
effect is not materially changed when two ground wires 
are used instead of one. These tests with traveling 
waves show that ground wires on a tr ansmiss ion line 
under a discharging cloud afford about that degree of 
protection indicated by the usual theoretical formula. 

Copper vs. Steel Ground Wire 

A limited number of tests was made in an effort to 
determine the relative merits of copper and steel con¬ 
ductors acting as ground wires. The tests made, which 
relate only to traveling wave effects at comparatively 
low voltages, do not show any marked difference be¬ 
tween copper and steel ground wires. One set of test 
results is given in Fig. 11, showing the voltage measured 
back along the grounded conductor from a grounded 
point. These waves show the copper to have slightly 
lower reflected potentials than the steel wire but the 
difference is too small to be more than an indication. 
This curve is also interesting in that it shows that poten¬ 
tials as high as 200 kv. may exist a distance of 2000 ft; 
away from the grounded point, although much steeper 
gradients than this can no doubt be obtained with 
steeper waves. In the case under consideration the 
grounded point was at tower 55, the steep wave impulse 
being applied at a point over 5 mi. away. 

For protection from direct strokes of lightning the 



DISTANCE FROM GROUNDED POINT IN MILES 


Fig. 11—Surge Voltage on a Steel or Copper Conductor 
Measured prom a Grounded Point Back Toward the 
Impulse Generator 


copper ground wire may have some advantage from the 
standpoint of current carrying ability. Not enough is 
yet known about the direct stroke condition to make 
any definite statements regarding the relative merits 
of copper and steel. 

Effect of Ground Resistance 
In studying ground wires it is worth while to give 
some thought to the value of ground resistance under 
impulse conditions compared to grounds measured in 
the steady state. The effect of two ground resistances 
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in parallel but varying distances apart will also be briefly 
considered. 

Measurements of tower footing resistance were made 
with a megger constructed especially for this purpose. 
The resistances were found to vary from 12 to more 
than 1500 ohms. The resistances of tower footings 
over the section of line used in most of the tests de¬ 
scribed in this paper are given in Fig. 12. 

To measure a ground resistance under impulse con- 



TOWIER NUMBER 


Fig. 12—Tower Footing Resistance on 10-Mi. Section op 
S-19 Line 

ditions, a pipe was driven into the ground approxi¬ 
mately 200 ft. from the impulse generator. An im¬ 
pulse current was sent from the generator through a 
water tube resistance into the pipe ground. Sphere- 
gap measurements were made across the water tube 



AMPERES 

Fig. 13—Volt-Ampere Curves op a Ground Resistance 

and between the pipe ground and a stake in the ground 
far enough away not to be influenced by the current 
flowing in the vicinity of the pipe ground. In every 
case the transient resistance was less than that mea¬ 
sured under steady state conditions, which is in agree¬ 
ment with cathode ray oscillograph tests made at 
Pittsfield. 12 The results of one such test is given in 
Fig. 13, which shows that the ground resistance with a 
transient current of 550 amperes is about 67 per cent of 
the steady state resistance. 

When a surge passes a point which is grounded 
through a resistance the voltage is reduced according to 
the relation E/E 0 = 2 R/(2 R + Z), where E a is the 
initial voltage and E the transmitted voltage. The per 
cent reduction due to varying values of resistance is 


shown by Fig. 14. When a wave passes two grounded 
points sufficiently far apart the reduction is correctly 
represented by applying this formula twice, once to the 
original wave and once to the transmitted wave which 
passes the first resistance. When this transmitted 
wave reaches the second resistance there will be a new 
transmitted wave beyond the second resistance and also 
a negative reflection, traveling back toward the first 
resistance. Another reflection of reversed polarity 
will take place which will have the same polarity as the 
original wave. This wave will travel to the second 
resistance and the same operation will be repeated. If a 
rectangular wave is considered each of the two re- 



RESSTANCE IN PERCENT OF LINE SURGE IMPEDANCE 

Fig. 14—Transmitted Surge Voltage beyond a Resistance 
to Ground on a Continuous Line 

sistances will operate independently if the distance be¬ 
tween them is equal to more than half the wave length. 
If the distance is less, the transmitted potential will be 
correspondingly higher until the condition is reached 
of a single resistance of half value when the distance 
between them is reduced to zero. This relation is 
shown in Fig. 15, which shows that if two resistances 



Fig. 15—Fraction op Rectangular Wave Transmitted 
beyond Two Ground Resistances 

equal to one-eighth of the surge impedance are con¬ 
nected between line and ground farther apart than half 
the wavelength only 4 per cent of the wave is trans¬ 
mitted, while if the same two resistances Eire connected 
at the same point the transmitted wave will be 11 per 
cent. This does not mean, however, that it is better to 
ground a ground wire at a few points far apart rather 
than many points close together, but it does indicate 
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that two grounds of, for example, 50 ohms each are 
better if separated some distance apart than one ground 
of half the resistance in one location. This seems to 
indicate the desirability of keeping the ground resis¬ 
tance of towers uniformly as low as possible rather than 
having wide variations in tower footing resistance, 
even though some are low, but with a high average. 

i he following tabulation shows how distance between 
resistances affects the transmitted wave when using 
surges having a front of approximately 10 microseconds. 

TABLE IT 

KKKMCIT OK DISTANCE BETWEEN RESISTANCE TO GROUND 
ON THE PROPAGATION OK A SURGE 
Th<* surKu voltutfo with no resistance connected was 105 kv. Jt u /? 2t 
were tower footings liavlitie resistances ranging between 5K and GO oltins 
(metftfer). 


Vultagi* 


Spacing bnt wium ivsis buncos 

HUMS. Jit- 


500 ft. 

5000 ft. 

Distant* 

1*\ 

th 

rm kv. 
no 
io. a 

fttt kv, 

21 

S 

51 kv. 

10 

» 

50 kv, 
7.7 

1.1 


♦Cakmlated assuming Hi/. n H percent 


Tht* teat values which were measured at spaeings of 500 
and 5000 ft. lie in the range that would be expected from 
the theory. 

Measurement op Surge Impedance 
Some difficulty has been experienced in measuring 
the surge impedance of the transmission line conductors. 



Kir;. Hi - Dktkuminatkin op Kuuok Impedance by Mea- 

NUItl'.MKNT OK Vol.TAOB AND ClHUtKNT TO GMOUND WITH A 
VAHIAIH.K ItKSIKTANUK AND SlMIKKK-G APS 

The method finally adopted was to connect a variable 
resistance between line and ground at a point sufficiently 
remote from the generator to be sure that traveling 
wave conditions were established and plot a curve 
between amperes through the resistance and the 
potential to ground as in Fig. 16. The current values 
are determined from the potential measured across the 
grounding resistor, while the voltage measurements are 
taken between the line and a separate ground at a point 
such that the IR drop in the resistance of the ground 


is included. If the measurement is not made at the end 
of a line the voltage at zero current is to be divided by 
one-half of the current at zero volts, which will give the 
surge impedance. If the measurement is made at the 
end of a line remote from the generator the voltage at 
zero current divided by the current at zero voltage will 
give the surge impedance. The advantage with this 
method lies in the possibility of determining the curve 
quite accurately by taking measurements with several 
resistances without being forced to measure the current 
at zero potential. 

Conclusions 

A million-volt impulse generator of sufficient capacity 
for field use with limited power facilities available has 
been shown to be satisfactory in use, and still higher 
potentials can be obtained when necessary. 

The tests have shown the following: 

1. Surges attenuate less rapidly when other near-by 
parallel conductors are carrying similar surges. 

2. In general positive surges attenuate more rapidly 
than do negative surges, although in some tests but 
little difference was found. 

3. Short waves, such as a wave chopped on the 
front by an insulator flashover, attenuate more rapidly 
than do longer waves of the same crest value. 

4. An additional constant has been introduced into 
the formula for attenuation which seems to give better 
agreement with the test results. 

5. The presence of the ground wire reduces the 
attenuation considerably for the negative wave and to a 
lesser degree for the positive impulse. This decrease in 
attenuation is important if found to be universally true, 
for it tends to cancel the reduction of induced potential 
as a result of a discharging cloud after the resulting 
traveling wave travels a distance of several miles. This 
of course does not affect the reduction in potential due 
to the ground wire at the point of inception. 

6. The ground wire theory of reduction of induced 
potentials was checked using traveling waves. The 
results agree with the protective ratio for the ground 
wire given by the usual calculation. For the con¬ 
ductor arrangement used, the calculated reduction was 
21 and 23 per cent, while the test showed 20 per cent 
reduction for the total ground wire effect. 

7. The second ground wire effect was also checked 
with traveling waves and it was found that when 
entering or leaving a section with one or two ground 
wires the surge voltage was decreased or increased 
8 per cent respectively. These approximate the calcu¬ 
lated value based on the change in surge impedance. 
These results indicate that very little is to be gained 
by putting up additional ground wires near a station to 
reduce an incoming impulse. From the standpoint of 
additional protection from lightning discharges which 
originate close to the station their use may be justified. 

8. The test indicates that there is little difference 
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between steel and copper conductors from the stand¬ 
point of their ability to transmit impulses. 

9. The theory of voltage reduction due to two 
resistances varying distances apart connected between 
conductor and ground when subjected to traveling 
waves was checked by test. This work shows that if 
but two grounds of equal value are to be used the 
greatest reduction in wave transmitted beyond the 
resistances occurs when the resistances are at least half 
a wavelength apart. Thus two resistances of 40 ohms 
a half mile apart will more effectively, ground the line 
than one resistance of 20 ohms. This seems to indicate 
that uniform low resistance is preferable to widely 
varying resistances. 

10. Transient ground resistance is less than the 
resistance measured under steady state conditions. 

11. The surge impedance of a transmission line may 
be satisfactorily determined from a series of voltage and 
current readings with varying values of resistance 
between line and ground. 

The authors wish to express their appreciation to the 
officials of both the Consumers Power Company and 
the General Electric Company who have made this 
joint investigation possible. Much credit is due to 
Messrs. Brune, Eaton, Wade, and others who were 
responsible for conducting the tests in the field and 
to Messrs. Boehne, Brinton, and Brownlee who also 
assisted in the preparation of the paper. 
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Lightning Investigation on 220-Kv. System 

of the Pennsylvania Power & Light Company (1928 and 1929) 
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Synopsis. —The purpose of this paper is to describe the results 
of a lightning investigation conducted during 1928 and 1929 on 
1H circuit miles of a 220-kv . system located in a territory where 
severe lightning storms are frequent During the 1929 investigation , 
which was a continuation and expansion of previous years 9 work, 
a number of devices was successfully used, such as surge voltage 
recorders, cathode ray oscillographs , electric field intensity recorders , 


and A. L. PRICE 2 

Non-Member 

and lightning stroke recorders . Some of these devices are new . 

Many valuable data on magnitude and wave shape of actual 
lightning surges were obtained , proof of the existence of both single- 
and multiple-phase faults due to lightning; some data on the shield¬ 
ing effect of overhead ground wires and qualitative data on the nature 
and time of discharge of lightning strokes , together with the atmos¬ 
pheric gradients resulting therefrom , were also obtained . 


General Review 

I NVESTIGATIONS of lightning with particular 
reference to its effect on the transmission line and 
associated station apparatus comprising the 220-kv. 
system of the Pennsylvania Power & Light Company 
have been in progress since 1926. Data obtained in 
1926 and 1927 are available in a paper 3 presented 
before the A. I. E. E. in 1928. 

The investigation conducted in 1926 and 1927 
emphasized the need of greater knowledge of the basic 
phenomena of lightning with the result that during 



Fro. 1 —System Diagram and Weather Map 


1928 and 1929 the study was extended to include the 
wave shape of lightning surges on transmission lines 
and experimental antennas, more accurate storm 
observations, supplemented by measurements of elec¬ 
tric field intensities and their rates of change, and data 
on the causes of the surges due to induction or conduc¬ 
tion from charged clouds. The operating records were 

1. System Planning Engineer, Pennsylvania Power & Light 
Co., Allentown, Pa. 

2. General Engineering Laboratory, General Electric Com¬ 
pany, Schenectady, N. Y. 

3. For all references see Bibliography. 

Presented at the Winter Convention of the A. I. E. E., New York, 
N. Y., January 27-SI, 1930. 


secured in more detail, including the location and posi¬ 
tion of flashed insulators and tripout records regarding 
single- and multiple-phase failures. The broadening 
of the scope of this investigation was due not only to 
improvement in technique of cathode ray oscillograph 
operation with regard to its application in the field, but 
also due to the application of entirely new devices de¬ 
veloped for this investigation. 

In nature and amount of data collected, the results of 
the investigation during the past two years are very 
gratifying. They permit a better understanding of 
what is needed for a systematic solution of transmission 
line lightning problems. 

Line Data 

The 220-kv. system of the Pennsylvania Power & 
Light Company consists of theWallenpaupaek-Siegfried 



Plymouth-Siegfried Line Wallenpaupack-Siegfried Line 

Fig. 2 —Standard Type “A” Suspension Towers 

and Plymouth-Siegfried lines. These lines, together 
with future interconnections, are shown in Fig. 1. The 
lightning study was confined to these two lines, partic¬ 
ularly the Wallenpaupack-Siegfried line. 

General characteristics of the Wallenpaupack-Sieg¬ 
fried line were published in a previous paper. 8 Early 
in 1929, a so-called “counterpoise” was installed for a 
distance of about 214, miles along a section of the line 
where flashed insulators had been particularly numerous 
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(see Figs. 3 and 18). This counterpoise was a buried 
No. 00 copper cable which connected the tower footings. 
In addition to the counterpoise, the insulator assemblies 
on the outside conductors were increased during the 
1929 lightning season, from 14 to 16 units over the 40- 
mile section of the line adjacent to Wallenpaupack. 
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gation are indicated in Table I. Locations of measur¬ 
ing instruments with reference to the transmission 
lines are shown in Fig. 3. 

In 1928, in addition to the previously used surge 
voltage recorders, a lightning laboratory was estab¬ 
lished at Wallenpaupack. It consisted of a cathode ray 


TABLE I 

MEASURING DEVICES AND FACILITIES 


I No. of instruments 


A—Instruments used on Lines 
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Fig. 3 One Line Diagram of Wallenpatjpack-Siegfried 
and Siegfried-Pltmotjth Lines 

Showing locations of lightning laboratory, surge voltage recorders 
antennas, overhead ground wires, and counterpoise 

. J he terrain crossed by the Plymouth-Siegfried line 
is for the most part rolling farm land similar to the 
section of the Wallenpaupack-Siegfried line near 
Siegfried. This line is equipped with two overhead 
ground wires, and has 16-unit insulator assemblies with 
top and bottom 36-in. grading shields throughout. 
Locke 7500 insulators, the same as used on the Wallen¬ 
paupack-Siegfried line, are installed on the section 
owned by the Pennsylvania Power & Light Company, 
fig. 2 shows typical towere for both lines. 

Facilities 

This investigation was conducted, and facilities made 
available, cooperatively by the General Electric Com- 
pany and the Pennsylvania Power & Light Company. 
The Public Service Electric and Gas Company of New 
Jersey and the Philadelphia Electric Company co¬ 
operated in supplying lightning weather data and in 
the general analysis of all data obtained. The Phila- 
delphia Electric Company also supplied operating data 
on its section of the Plymouth-Siegfried lino , 

Apparatus employed and the scope of the investi- 


Cathode ray oscillograph 4 . 1 1 

Surge voltage recorders 8 . ’*’’’**]’ 39 * 28 

Lightning stroke recorders 0 on towers. 0 284 

High-speed phase current recording ammeters. 0 6 

B—Instruments Coupled to Antennas 

Cathode ray oscillograph. 0 1 

Surge voltage recorders. 7 12 

C —Weather Data 

Weather observations from operating stations. 29 160 

Weather observations including location of lightning 
strokes, from Fire Towers and Wallenpaupack 

Lightning Laboratory. 1 4 

Radio set weather indicator at Wallenpaupack Light¬ 
ning Laboratory. 0 ^ 

Electric field intensity recorder 0 . 9 1 

Rate of change of field recorder 0 . ******** 9 ^ 

D—Operating Data 

Overhead (tower climbing) patrols—-Wlpk.-Sieg. Line. 5 20 

Siegfried-Plymouth Line. 2 3 

Operating records from 220 -kv. operating stations. | 

♦Excludes 6 surge voltage recorders used for measurement of wave shape 
ana duration of surge voltages. 

oscillograph installation coupled to phase Y of the 
Wallenpaupack-Siegfried line and of an antenna sta¬ 
tion. These antennas, each 300 ft. long, were arranged 
m two parallel spans located 50 ft. apart. One span 
consisted of four horizontal wires vertically arranged 
on 110-ft. rope guyed cedar poles at elevations of 12J-6, 
25, 50, and 100 feet above ground. The second span 
consisted of a wire 50 ft. high with a grounded antenna 
12 ft. above it which simulated a ground wire. Each 
antenna was connected at one end to earth through a 
two-megohm water resistor, the other end was connected 
through a potentiometer to a surge voltage recorder. 
In the case of the grounded antenna, the surge voltage 
recorder was coupled to the ungrounded end. 

In 1929, additional facilities were provided. A 
second cathode ray oscillograph was installed and 
coupled to the 50-ft. antenna without overhead ground 
mre. These two cathode ray oscillographs at the 
Wallenpaupack lightning laboratory (Fig. 4) were 
maimed by four trained operators. 

. 5 Sh ° ws the circ uit employed in obtaining records 

with the cathode ray oscillograph coupled to the trans- 
mission line. The surge voltage, upon its arrival, auto¬ 
matically operated the oscillograph by means of a three- 
electrode trip gap connected to the insulator string 
potentiometer shown at the left of the di agram The 
deflection plates were connected to a potentiometer 
consisting of an insulator string with grading shields. 
In order to secure a record over an appreciable period 
of time, a logarithmic sweep was used to elongate the 
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more important portion of the time axis. Constants 
s own in Fig. 5 are for a 40-microsecond record, but 

XTthtrL* ionger **« * 

string potentiometers with grading shields. The poten¬ 
tiometer shown to the right in Fig. 5 was the type 
generally used except that the middle grading shield 
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Fig. 4—Photograph op Wallbnpaupack Lightning 
' Laboratory 

was omitted. In 1929, four antenna stations were 
installed at the locations indicated in Fig. 3. The 
installations near towers 23-4, 42-6, and 65-3 consisted 
of 300-ft. spans of a single wire 50 ft. above ground. 
Near tower 12-6 two antennas were installed, on the 
same poles, at heights of 25 and 50 ft. above ground. 
Surge voltage recorders were coupled to all of these 
antennas. 

Three newly developed instruments, the electric 



Lopofl fom/c Sweep of 40 microseconds duration 

Fig. 5—Cathode Ray Oscillograph Circuits—Wallenpau- 
pack Lightning Laboratory 1929 

field intensity recorder, the rate of change of electric 
field intensity recorder, and lightning stroke recorders 
were made available and first used in 1929. 

In order to determine whether faults on the 220- 
kv. Circuits were single-or multiphase, high-speed phase- 
current recording ammeters were installed at Wallen- 
paupack and Siegfried. 


Lightning Weather Data 

In order to gain a more general insight into the 
lightning storm conditions in the territory under 
investigation, and to supplement the data collected by 
the power company, information regarding lightning 
storms was obtained from neighboring power companies. 

Lightning weather observations were secured from 
approximately 160 observation points in the opera ting 
territories of all the power companies in a district from 
Altoona east to New York and from Wallenpaupack 
south to Washington, in addition to reports from the 
lightning laboratory and several fire towers in New 
Jersey and Pennsylvania. Typical storm paths are 
shown in Fig. 1, which indicates the storm paths fol¬ 
lowed on June 19, 1929. Generally, the storms move 
from west to east or from northwest to east southeast. 

Results 

Cathode Ray Oscillograms. The first oscillogram of a 



Fig. 6—Wave Shapes of Lightning Surges—Group 1 


lightning surge was obtained in 1928 and has been 
previously described. 7 

During the 1929 lightning season cathode ray 
oscillograms of 95 voltage surges on phase Y of the 
Wallenpaupack-Siegfried line were obtained at the 
lightning laboratory at tower. 1-3, and 11 cathode-ray 
oscillograms were obtained of voltage surges on the 
antenna at the lightning laboratory. 

Of the 95 oscillograms obtained of voltage surges on 
the line, 50 measured under 100 kv. at the cathode-ray 
oscillograph, 30 measured between 100 and 800 kv and 
15 measured above 300 kv. The cathode ray oscillo¬ 
graph connections allowed measurements of voltages 
superimposed on the normal 60-cycle wave, while the 
surge voltage recorders measured total voltage to 
ground. 

The wave shapes of the 15 surges above 300 kv. and 
that of the surge obtained in 1928 have been classified 
into three groups. These are shown in Figs. 6, 7, and 
8 respectively. 

Group 1 Fig. 6. The general characteristics of the 
wave shapes shown in this group, are those common 
throughout all the oscillograms obtained. These waves 
rise to 75 per cent of crest voltage value in from 2 to 5 
microseconds, reach crest value in 3 to 11 microseconds, 
decrease to 50 per cent crest value in 14 to 20 micro¬ 
seconds and pass through zero in 18 to 30 microseconds. 
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After passing through zero, these surges rise to a low 
value of voltage of opposite polarity to that of the first 
loop and maintain this low voltage until the end of the 
record, 45 to 90 microseconds. The first loop of the 
voltage surges in this group is of positive polarity. 

Group 2 — Fig. 7. Wave shapes 1 and 2 in this group 
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Pig. 7—Wave Shapes of Lightning Surges—Group 2 

are affected by the arcover of the insulation nearby 
and for this reason have characteristics not noted in 
other waves. Wave-fronts range from 1.6 to 8 micro¬ 
seconds and duration of first loops from 29 to more than 
50 microseconds. In general, the wave-fronts rise 
more rapidly and the wave tails decrease in voltage 
more slowly than wave shapes in group 1. 

Group 3 — Fig. 8. Wave shapes in this group are of 



Pig. 8—Wave Shapes of Lightning Surges—Group 3 

composite nature in that they have more than one 
peak value without a polarity reversal. A rather long 
period (at least 30 or 40 microseconds) of high sustained 
voltage results from this double peaked characteristic. 
Negative polarity predominates in this group. 

The actual oscillograms of one surge from each of 
these groups are shown in Figs. 9, 10, and 11 respec¬ 
tively. Pertinent data relative to these surges is as 
follows: 

OsdUogram, Fig. 9 (Group 1, wave shape 7 of Fig. 6). 
This oscillogram was obtained at the Wallenpaupack 
li ghtning laboratory at 7:39 p. m. on June 19, 1929, 
apparently coincident with the tripping of the 
Wallenpaupack-Siegfried line. Fig. 12 shows the pro¬ 


file of voltage in times-normal (180 kv.) which oc¬ 
curred at points on phase Y along the transmission 
line. This voltage profile is an envelope of two surges 
of opposite polarity too near together in time to be 
separated on the surge voltage recorder films. It 
indicates that the highest voltage of positive polarity 
which correlates with the oscillogram, Fig. 9, was at the 
Wallenpaupack Station with the next highest voltage 
about 30 miles away. 

A voltage at this time of 15 kv. was measured on 



Fig. 9—Oscillogram of Lightning Surge—Wave Shape 7 
of Group 1, Fig. 6 

the 60-ft. grounded antenna at the lightning laboratory. . 

The field intensity recorder indicated a voltage 
gradient of 12 kv. per foot. 

A cloud-to-ground stroke of indefinite distance but 
over 10 miles south and 13 degrees east of the line was 
seen from the laboratory at the instant this oscillogram 
was obtained. Lightning was reported from several 
points between Wallenpaupack and Siegfried. Storm 
paths for the day are shown in Fig. 1. 

Oscillogram, Fig. 10 (Group 2, wave shape 2 of Fig. 7). 
Oscillogram 2 was obtained at 1:39 p. m. on May 29, 
1929, coincident with a tripout of the Wallenpaupack- 
Siegfried line. 

Flashed insulators were found on all three phases at 



Fig. 10—Oscillogram of Lightning Surge—Wave Shape 2 
of Group 2, Fig. 7 

tower 9-3, two days after this tripout, the insulation on 
that structure being 16 units on phases Y and W and 
14 units on phase X. Fig. 13, which shows the profile 
of voltage along the line on Phase Y, checks this location 
as being the point of highest voltage. 

A voltage of 39 kv. (negative) was recorded on the 
60-ft. grounded antenna at Wallenpaupack. 

The field intensity recorder indicated a voltage 
gradient of 6 kv. per foot. At the instant the oscillo- 
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gram was obtained, the observer saw a stroke approxi¬ 
mately 4.2 miles southeast of the laboratory. Two 
storms were in progress, the one had its center between 
e sixth and tenth mile from Wallenpaupack, the other 
3 to 5 miles northeast of the laboratory. Storm clouds 
were not nearer to the laboratory than V/ 2 miles at the 
time the oscillogram was obtained. 

Observers saw all three phases flash over the dead-end 
protective gaps at the Wallenpaupack station, which is 
840 feet north of the lightning laboratory. This flash- 
over accounts for the sudden reversal of polarity shown 
in this oscillogram (Fig. 10) and is interesting as a com¬ 
parison with the oscillogram obtained in 1928, shown as 
wave shape No. 1 in this same group (Fig. 7). In the 
case of wave shape No. 1 a flashover occurred over the 
protection gap on phase X at tower 1-2 which is 460 ft. 
from the lightning laboratory. When the phase to 
which the oscillograph was coupled, flashed over, there 
was a sudden reversal of polarity, the voltage rising from 


899 

1260 kv. negative to 310 kv. positive in one microsecond; 
however, when the flashover was on an adjacent phase 
only, there were oscillations of about 2000 kilocycles 
superimposed on the main wave without reversal of 
polarity. 


§ 

M / ; ;:*§§! 




Fig. II—Oscillogram of Lightning Surge—Wave Shape 8 
of Group 3, Fig. 8 

Oscillogram Fig. 11 (Group 8, wave shape 8.of Fig. 8). 
At 7:42p. m., 3 3^ minutes after oscillogram Fig. 9 
was obtained, oscillogram Fig. 11 was recorded at the 
same place. Records indicate that the line was not 


TABLE II 


OATH 

ODE RAY OSCILLOGRAMS OP TRANSMISSION LINE SURGES. OREST VOLTAGES OVER 100 KV CYF.AR , 02 a, 

Kv. max. 

Polarity of 
first loop 

Nature of wave 


Time in micros 

seconds to reach 


| Original disturbance on line 

At least 75 % oj 
max. voltage 
recorded 

Max. voltage 
recorded 

50% max. on 
tail of wave 

Zero of 
first loop 

Distance in 
miles from osc. 

Kv. measured 
near origin 

1260 

810 

740 

740 

630 

1 600 

600 

630 

600 

300 

300 

360 

330 

330 

330 


Osc. 

Osc. 

Osc. 

Uni. 

Osc. 

Uni. 

Uni. 

Osc. 

Osc. 

Osc. 

Osc. 

Uni. 

Osc. 

Uni. 

Osc. 

3.3 

36 

7 

6.5 

11 ' 

0- 1.6 

0- 7.5 

3 

0- 8 

6 

6 

0- 1.6 

1.6 
? 

? 

3.3 

36 

7 

6.5 

11 

4 

O- 7.5 

7- 8 

0- 8 

6 

6 

4 

1.6 
? 

? 

3.7 

? 

16 

43 + 

20 

14.5 

69 + 

18 

32 

14 

35 

45 + 

16 

12 

18 

4 

37 

22 

43 + 

29 

45 + 

69 + 

24 

45 

18 

55 

45 + 

29 

75 

25 

10 

21 

0-3 

0-3 

0—3 

0-3 

40 

0-3 

0—3 

0-27 

? 

0-3 

0-3 

58 

2 

2400 

1360 

690 

640 

860 

550 
' 2400 

580 

470 

480 

? 

400 

300 

2400 

300 

Pos. 

Osc. 

8 

8 

24 

45 

2 


280 

260 

260 

Pos. 

Pos. 

Pos. 

Osc. 

Uni. 

Osc. 

4 

0— 1 

5 

4 

5 

5 

11 

26 

27 

20 

45 + 

36 

32 

0-3 

2 

610 

300 

9 

200 

260 

260 

Pos. 

Pos. 

Pos. 

Osc. 

Osc. 

Osc. 

2 

0- 2 

0- 1.3 

5 

19 

3 

25 

40 

5.5 

35 

42 

9.5 

44 

61 

2 

2400 

2400 

9 

245 

Pos. 

Uni. 

0- 1.2 

0- 1.2 

22 

33 + 

2 

y 

210 

210 

Pos. 

Pos. 

Uni, 

Uni. 

0" 5 

9 

0- 5 

9 

85 + 

10 + 

85 + 

10 + 

17 

? 

720 

2 

205 

180 

Pos. 

Pos. 

Uni. 

Osc, 

0- 3.5 

5 

0— 3.5 

5 

13 

23 

89 + 

32 

0-3 

2 

300 

2 

180 

Pos. 

Uni. 

0- 1.5 

5 

20 

45 + 

2 

2 

180 

Pos. 

Osc. 

0- 1 

6 

27 

35 

2 

2 

180 

Pos. 

Osc. 

2.5 

4.5 

18 

26 

2 

2 • 

180 

Pos. 

Osc. 

0-17 

0-17 

28 

40 

48 

1100 

170 

Pos. 

Uni. 

0- 1 

20 

43 + 

43 + 

44 

2400 

160 

Pos. 

Osc. 

0- 1 

5 

13 

24 

? 

2 

155 

Neg. 

Osc. 

17 

17 

24 

31 

40 

2400* 

150 

Neg, 

Uni. 

0- 1.5 

4 

45 + 

45 + 

? 

2 

140 

Neg. 

Uni. 

0- 1.5 

20-28 

45 + 

45 + 

? 

2 

140 

Neg. 

Uni. 

4 

32 

38 

43 + 

44 

2400 

135 

Neg. 

Osc. 

0- 2 

0- 2 

6 

10 

2 

2 

130 

Pos. 

Osc. 

3 

3 

11 

33 

2 

2 

130 

Pos, 

Uni. 

0- 1 

20 

81 + 

81 + 

2 

2 

120 

Neg. 

Uni. 

0- 2 

80 

156 + 

156 + 

2 

2 

120 

Pos. 

Osc. 

6 

6 

12 

15 

2 

2 

110 

Pos. 

Uni. 

0- 4.5 

0- 4.5 

9.6 

14 

3 

2400 

105 

Neg. 

Uni. 

0- 1.6 

40 

96 + 

96 + 

2 

? 

105 

Pos. 

Uni. 

0- 2 

82 

82 + 

82 + 

2 

7 


Oac.—Oscillatory highly damped. 

Uni.—Unidirectional. 

7 —Point of origin of surge not definite from surge voltage recorder records. 
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closed until 3 or 4 minutes after the previous tripout 
at 7:40 p. m. so it is very probable that oscillogram 8 
was obtained while the line was deenergized. 

On June 21, two days after this oscillogram was 
obtained, flashed insulators were found on phase Y 
at tower 23-2, phase X at tower 23-4, and phase W at 
towers 23-2, 23-3, and 23-4. The negative polarity of 
the voltage profile, Fig. 12, which correlates to this 
oscillogram, indicates that the highest voltage for this 
surge was at this location. 

Summary of Cathode Ray OseiUograms of Transmission 
Line Surges. Wave shape data relative to the trans¬ 
mission line surges measuring above 100 kv. as deter¬ 
mined from the cathode ray oscillograms are shown in 
Table II. These are arranged in decreasing order of 
crest voltage. The oscillograms have various wave 
shape characteristics and for this reason in Table II 
under the heading “Time in microseconds to reach” 
four columns are given: First, the lapse of time in the 
initial voltage rise (in several cases this is given between 
zero and a definite time value, the portion of the wave 
previous to this time not being recorded); second, the 
time required to reach the maximum voltage recorded; 
third, the time between the beginning of the surge and 
half maximum voltage on the tail of 'the wave;; and 
fourth, the time duration of the first loop of the wave. 

The last two columns in Table II show the approxi¬ 
mate distance from the oscillograph to the source of the 
surge on the transmission line as judged by the maxi¬ 
mum kilovolt measured by the surge voltage recorders, 
Voltages reach 75 per cent of their crest in an interval 
of time ranging from less than 1.0 to 36 microseconds, 
then 100 pa* cent of crest value in 1.2 or less to 82’micro¬ 
seconds, decrease to 50 per cent of crest value in 3.7 
to 156 microseconds, and reach zero of the first loop in 4 
to 156 microseconds. 50 per cent of surges reach at 
least 75 per cent of their value in less than 3 micro¬ 
seconds. ; 

A majority of the surges have a wave front of 3; to 8 
microseconds and a duration of the first loop of 15 to 40 
microseconds. Approximately 70 per cent are positive 
in polarity and 30 pa* cent negative for the first loop. 
Within the time range of the oscillograms approxi¬ 
mately 60 per cent are slightly oscillatory and 40 per 
cent unidirectional. 

All of the extremely high voltages which were mea¬ 
sured on phase Y of the transmission line by surge 
voltage recorders were 3 or more miles distant from the 
lightning laboratory, and, therefore, have attenuated 
considerably. It should also be remembered th a t the 
oscillograph was coupled to the transmission line at a 
point 840 ft. from its terminal where reflections may be 
pronounced. 

Surge Voltage Recorder Data 
Fig. 14 shows that aboqt 50 per cent of the lightning 
surges on the Wallenpaupack-Siegfried line and 15 
per cent of those on the Plymouth-Siegfried line, were 
above 5 times normal. (900 kv.) 


Of the 45 surge voltages measured on the Wallen¬ 
paupack-Siegfried line during 1929, apparently 44 
originated on this line, while one was propagated from 
the Plymouth-Siegfried line. Fifteen of the 21 surges 
registered on the Plymouth-Siegfried line apparently 
originated on the Wallenpaupack-Siegfried line. A 
similar ratio of surge voltage origin held for the 1928 
lightning season. 

While voltages of about 2400 kv. were registered on 
both lines, not all of the high voltages were coincident 
with tripouts. This is shown in Fig. 15. 

Nature of Surge Voltages. The voltages, as indicated 
by Lichtenberg figures, are highly damped, (H D), and 
at the point of highest registration are frequently 
unidirectional; but, if the voltage along the entire line 
be considered, the surge is usually classified as oscil¬ 
latory. Table III indicates the polarity characteristics 


TABLE III 

POLARITY CHARACTERISTICS OF LIGHTNING 
YEARS 1928 AND 1929 


SURGES- 



Waller 

Sie 

ipaupack- 

tgftted 

Siegfried 

l-Plymoulh 


Number 

Maximum 

voltage 

Number 

Maximum 

voltage 

Polarity 

Undirectional 

Positive! .. 

9 

13.3-15.5 

3 

12.5-14.5 

Negative. 

4 

4.2 

2 

4.5 

Oscillatory 

H. O. V. *positive. 

16 

13.3-15.5 

4 

10.1 

H, O. V. ^negative.. 

37 

13.3-15.5 

17 

12.5-14.5 

H. O. V. ^positive and nega¬ 
tive equal.i. 

1 

1.6 

6 

1.0 


*H. O. V.—Highest crest voltage. 

of surges obtained on these tvyo 220-kv. lines, the surge 
being classified as oscillatory if voltages on the line of 
both polarities were registered coincidentally. 

Table III indicates a preponderance of oscillatory 
surgejs, either polarity high, but with a tendency toward 
a greater number, with high negative voltage. 

Attenuation. Figs. 12, 13, and 16 are typical voltage 
profiles of surges measured along the transmission line. 
Many profiles such as shown in Fig. 16 were recorded; 
they i represent profiles with very rapid attenuation. 
Such [voltage profiles are sometimes obtained with diffi¬ 
culty! because of the rapid succession of surges on the 

line. Tn severalinstances,surgevoltagerecorderregistra- 

tions j show superimposed Lichtenberg figures which 
indicate that at least two surges occurred within a few 
minutes time. 

Table No. 4 gives values of the constant K in the 

! i 

t j Jfl 

attenuation equation 8 e = —=— - - 

i K s E o -)- 1 

where j : 

Eq = ! maximum voltage’ recorded—kv. 
e = voltage at Any point—kv. 
s = distance in [miles between points where E 0 and e 
are recorded 
K — A constant 
Attenuation «= — Ke 2 
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The constant K in the above equation is calculated 
from surge voltage recorder measurements at the point 
of maximum registration and the measurement at the 
nearest adjacent recorder station. Only those measure¬ 
ments which were not obscured by several Lichtenberg 
figures are tabulated. 

Of the 10 more slowly attenuated surges, those having 
an attenuation constant of 0.0003 or less, 9 were of 
negative polarity. In the range of K greater than 




open line and 360 kv. under the overhead ground wire. 
In 1929 an average of 15 surges was 580 kv. on the open 
line and 700 kv. under the overhead ground wire. The 


Fig. 12 —Voltage Profile of Lightning Surge No. 28 

0.0005 the majority of the surges were of positive 
polarity. These data indicate that surge voltages on 
this line of negative polarity, attenuate more slowly 
than do those of positive polarity. 

Effects of Lack of Continuity of Overhead Ground Wires. 


Fig. 13—Voltage Profile of Lightning Surge No. 15 

As shown in Fig. 3, the section of the Wallenpaupack- 
Siegfried line between towers 20-2 and 61-2 was the only 
portion of this system not protected by overhead 
ground wires during the period under study. Surge 
voltage recorders were coupled to phase Y one tower 
either side of the end of the overhead ground wires for 
studying the effects on the surges at these transition 
points. During 1928 the average of 10 surges which 
passed one or both these locations at voltage values in 
excess of 300 kv., averaged 430 kv. on the side of the 



Fig. 14—Number and Crest Value op Lightning Surges 



Showing relation of surge voltages to circuit tripouts 

number of these surges originating under the overhead 
ground wire and on the open line was about equal. 

The above data indicate that no substantial change 


















902 


SMELOFF AND PRICE: LIGHTNING INVESTIGATION Transactions A. I. E. E. 


in voltage occurs near the end of the overhead ground 
wires when a surge passes this point. 

Antennas 

Data obtained from the antennas were not n umer ous 
but are important. The cathode ray oscillograph 
coupled to the 50-ft. antenna at the lightning laboratory 
recorded 11 oscillograms of small magnitude, all of 
which were straight lines. This fact indicates that the 
antenna potential was constant throughout the period 
of registration. The high damping resistance between 
antenna and ground undoubtedly accounts for the long 
period of continuous voltage as indicated by the cathode 
ray oscillograms obtained. 

One complete record was obtained at the laboratory 
at 2.33 p. m., on June 19, 1929, when a surge was 
measured on all antennas at the lightning laboratory. 
The results are shown plotted in Fig. 17. The voltage 
on the 50-ft. antenna under the ground wire was about 
one-half that on the 50-ft. antenna not protected with 


records during the entire 
antennas near tower 12-6. 


season, all being on the 



Fra. 16 —Voltage Profile of Surge No. 76 

ground wire. Voltage on the transmission line at the 
ightning laboratory was less than 300 kv. 

. At this time a voltage gradient of 53 kv. per foot was 
indicated by the field intensity recorder, the storm 
clouds being directly over the lightning laboratory with 
lightning strokes occurring as near as one-half mile. 

The cathode ray oscillograph coupled to the 50-ft. 
antenna was actuated 7 times during a 3^ minute 
interval just prior to 2:33 p. m. On three occasions, 
oscillograms of small deflection but with the straight 
line characteristic previously described and with crest 
voltages of + 210, + 150, and - 150 were obtained. 
These oscillograms do not correlate with the surge 
shown in Fig. 17 which appears to have occurred before 
the oscillograph actuating circuit was reenergized after 
a previous operation. 

Liehtenberg figure registrations at this time were of 
type II s indicating a time to reach crest in the range of 
10 to 1,000,000 microseconds. Antennas located along 
the line produced only three small magnitude voltage 


Direct Strokes 

Lightning stroke recorders 8 developed in the High- 
Voltage Engineering Laboratory of the General Electric 
Company were adjusted to register only currents above 
50,000 amperes, and installed on 91 per cent of the 
towers of the Wallenpaupack-Siegfried line by the end 
of the 1929 lightning season. From 174 to 284 of these 
instruments were in service between July 17 and 
October 1, during which period the Wallenpaupack- 
Siegfried line tripped out 22 times and 28 lightning surge 
voltages were measured. Lightning stroke recorders 
indicated two direct strokes, one at tower 40-2 and one 
at tower 12-5. At tower 40-2 the current as estimated 
from the lightning stroke recorder registrations was 
60,000 amperes, and was due to a negative cloud dis¬ 
charge to ground. A positive voltage of 2400 to 2800 
kv. was registered by the surge voltage recorder con¬ 
nected to phase Y at the same tower, but there was no 
evidence of insulators being flashed at this or 
immediately adjacent towers. Flashed insulators 
found at tower 41-1 (fourth tower from tower 40-2) may 
have been damaged at this time. Judged by the phase 
current recording ammeters, the coincident tripout was 
due to a fault on phase X. 

At tower 12-5 on a portion of the line where the 
counterpoise was installed, a negative cloud discharge of 
about 100,000 amperes was indicated by a lightning 
stroke recorder. The nearest surge voltage recorder in 
operation at the time, the one connected to p hase Y at 
tower 10-2, registered a positive voltage of 350 kv. 
There was no coincident tripout of the line. 

During the 1929 lightning season, 24 cloud-to-ground 
strokes were observed within a one mile radius of the 
Wallenpaupack lightning laboratory, none of which are 
known to have hit the transmission line. 

- Storm Intensity 

Two instruments, an electric field intensity recorder 
for measuring the electrostatic field intensities and a 
time rate of change of electric field intensity recorder 
for measuring the maximum rate of change of electro¬ 
static fields, were developed in the General Engineering 
Laboratory of the General Electric Company and placed 
at the lightning laboratory during 1929 to obtain field 
experience in operation. Many records were obtained 
with these instruments and are included in another 
paper presented before the Institute. 8 

Voltage gradients measured, averaged from 55 kv. per 
foot for strokes occurring near the laboratory to about 
8 kv. per foot for strokes 8 miles distant. The maximum 
registration was 85 kv. per foot. 

Records of 33 storms indicated that lightning fields 
during any single storm were usually of one predominant 
polarity either positive or negative. About 20 per cent 
of these storms were of mixed polarity, the balance was 
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about equally divided between those predominantly 
positive and predominantly negative. 

One record of particular interest which correlates 
with the data obtained by surge voltage recorders 
coupled to antennas at the lightning laboratory indi- 


TABLE rv 

ATTENUATION CONSTANTS OF LIGHTNING SURGES 


No of surges having attenuation con¬ 
stant K within limits indicated in 
Oolumn 2 

Limits of K 

Neg. 

polarity 

Pos. 

polarity 

Total 

9 

I 

10 

Less than 0.0003 

6 

4 

10 

Between 0.0003 and 0.0005 

8 

12 

20 

Greater than 0.0005 


Pos. Neg. 

Maximum K . 0.012 0.0080 

Minimum K . 0.000012 0.000065 


cated a voltage gradient of 53 kv. per ft. This is shown 
in Fig. 17. 

Flashed Insulators 

Fig. 18 indicates that on the Wallenpaupack-Sieg- 
fried line a total of 92 insulator assemblies was flashed 
in 1929, and 171 assemblies during 1926 to 1928 inclu¬ 
sive. These figures indicate an average of 2y 2 assem- 



and 10 times normal at surge voltage recorder stations 
indicates comparable voltages for 1928 and 1929, but 
actually there were more than twice as many individual 
surges of high magnitude in 1929. It appears that a 
greater percentage of the surges in 1929 was of a type 
that registered high voltages at one or two recorder 
stations only. 



/6 Slasnco Afsc/urops Am Muatocp cyjaear Volta ocs 

Pig. 18 —Flashed Insulators and Number of Surge 
Voltages 


In the section of the line (Fig. 18) where the counter¬ 
poise was installed no flashed insulators were found in 
1929, although this section of the line had a large 
number of insulators flashed in previous years. It is, 
of course, too early to conclude whether the improve¬ 
ment came from the counterpoise installation or whether 
it represents merely different storm paths during the 
present year. 

On the Wallenpaupack-Siegfried line during 1929, 


TABLE V 

FLASHED INSULATORS ON WALLENPAUPAOK-SIEGFRIED 

LINE 



1926 to 1928 ind. 

| 1929 

Phase 

Glaze 

Flash 


Glaze 

Flash 


burns 

tracks 

Total 

bums 

tracks 

Total 

East. 




26 

12 

38 

Middle. 



09 

11 

10 

21 

West. 


* * 

on 

28 




OjS 

5 

33 

Total. 



171 

65 

27 

92 


blies flashed per tripout due to lightning in 1929 and 
assemblies flashed per tripout for the three previous 
years. 

Most of the insulators are flashed on the outside 
phases as is shown in Table V, and of those marked, only 
a portion have glaze burns by dynamic arc, the others 
apparently being flashed by impulse currents only. 

In Fig. 18 the number of surge voltages exceeding 5 


exclusive of flashed assemblies at points of reduced 
insulation near terminal apparatus, only about 10 per 
cent of the insulators were flashed under 25 miles of 
overhead ground wire as against 90 per cent flashed in 
40 miles of line unprotected by overhead ground wire. 
Owing to the lesser number of overhead patrols in 
previous years, comparison similar to the above cannot 
be made. 

Flashed insulators on the Plymouth-Siegfried line 
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have averaged about 1 X A insulator assemblies flashed 
for each tripout attributed to lightning. 

Tripouts 

From Table VI it will be seen that the tripouts 
attributed to lightning in 1929 were nearly three times 
the number of those occurring in 1928. 

As shown in Fig. 14, the number of surge voltages on 
the Wallenpaupack-Siegfried line in 1929 was slightly 
more than twice the number in 1928, indicating that the 
increase in the number of tripouts was due to the greater 


TABLE VI 

. 220-KV. TRIPOUTS DUE TO LIGHTNING 


Line 

1928 

1929 

WaUenpaupack-Siegfried. 

14 

38 

Siegfried-Plymouth. 

2 

1 


lightning hazard to which the Wallenpaupack-Siegfried 
line was exposed, during the present year. 

The relative magnitudes of the phase fault currents 
indicate that of the last 19 tripouts of the Wallenpau¬ 
pack-Siegfried line, five were due to single-phase-to- 
ground faults, and not less than seven were multiphase 
faults. The remaining seven were due either to single 
or multiphase faults. 

Switching Surges 

Incidental to the lightning investigation, numerous 
switching surge voltages were measured. The upper 
voltage limit for these surges appears to be about 900 
kv. (5 times normal). Most switching surges are under 
3 times normal. During 1929 the upper limit for 
switching surge voltages on the Wallenpaupack-Sieg¬ 
fried line was 2.8 times normal. 

The interruption of short-circuit currents did not give 
rise to greater voltages than other switching operations 
nor were energizing or deenergizing surge voltages 
appreciably different. 

Conclusions 

1. Records obtained from storm reports show that in 
general storms cross this system from west to east or 
from northwest to east southeast. 

2. Wave fronts of lightning surges recorded on the 
transmission line have a range from a fraction of a 
microsecond to 82 microseconds. A common charac¬ 
teristic was a front between 3 and 8 microseconds, a 
duration of the first loop of 15 to 40 microseconds, and a 
slightly oscillatory nature. Positive polarities pre¬ 
dominate. 


3. Not all high voltages are accompanied by tripouts 
of the circuit. 

4. Lightning surges may be unidirectional (either 
polarity high) or slightly oscillatory. 

5. ’ Surge voltages of positive polarity attenuate 
more rapidly than those of negative polarity. 

6. The quantitative value of protection afforded by 
overhead ground wires cannot be deduced from the 
limited data. One record on antennas indicates a 
protection of about 50 per cent against induced voltages. 

7. Preliminary data indicate that high voltages due 
to direct strokes having currents of over 100,000 
amperes, are infrequent. 

8. An average of from 3 to 5 insulator assemblies 
were flashed per tripout of the circuit and about 70 per 
cent of these show glaze bums by dynamic arcs. Most 
of the flashed assemblies were on the outside phases. 

9. A considerable percentage of tripouts are due to 
multiphase faults. 
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Synopsis. Description is given of the Lightning Field Investiga¬ 
tion on the 132-kv , Philo-Canton , 73-mile, two-circuit line made 
during 1929 with surge recorders , cathode ray oscillograph , lightning 
stroke recorders, and a lightning generator. Data are presented on 
the magnitude of lightning voltage surges , the attenuation of these 
surges as they travel along the line , and the difference in attenuation 
between positive and negative lightning surges. t The preponderance 
of positive lightning surges is indicated; but the fewer negative surges 
produce the highest voltage on the line. 

The lightning stroke recorders gave data on the polarity of the 


direct strokes, and the magnitude of the current in the lightning stroke • 

Lightning arrester performance on lightning and switching surges 
is analyzed , and typical surges obtained by the cathode ray oscillo¬ 
graph are given for both cases. 

The magnitude and shape of lightning waves occurring on the line 
are shown and these waves analyzed as to duration of front, tail, and 
total length. These data are discussed as they relate to the proximity 
and rate of discharge of clouds producing lightning surges. 

General conclusions are drawn based on the data obtained in the 
investigation. 


I. Introduction 

HE importance of continuity of service on high- 
voltage transmission lines under our present day 
method of central station generation and trans¬ 
mission of power is too well known to require extended 
comment. Estimates have been made, and many 
records show, that from 60 per cent to 90 per cent of the 
total number of outages on overhead transmission lines 
are caused by the influence of lightning on the line 
itself or on the connected apparatus. Line outages, 
other than those due to lightning, are more or less under 
control, such, for example, as those caused by improper 
or erratic relay operation, obstructions in the right of 
way, etc. Lightning, however, remains as one element 
over which, at the present time, we do not have 
complete control, and concerning which we have had, 
up until a few years ago, only very little authentic 
information. It is for these reasons that the investiga¬ 
tion work covered by this paper was undertaken. 

Intensive field research work has been in progress 
since 1927 in an attempt to solve some of the lightning 
problems connected with the transmission lines covered 
by this paper. A report on some of this work on this 
same system has been published previously. 1 

While a considerable quantity of information was 
gathered in 1927 and 1928, it had resulted primarily in 
laying bare the problem as a whole, and in indicating 
more clearly further lines along which data and in¬ 
formation were needed. The purpose of the investiga¬ 
tion herein described was to continue the work started 
in 1927 and 1928 and to explore some of the newly 
indicated paths of needed knowledge. 

The program laid out in 1929 consisted in general of: 

1. Continuing the use of surge voltage recorders 
used in past seasons. 

’American Gas and Electric Company, New York. 

fGeneral Electric Company, Pittsfield, Mass. 

1. Lightning and Other Experiences with 182-Kv. Steel Tower 
Transmission Lines, M. L. Sindeband and P. Sporn, A. I. E. E. 
Tuans., Vol. 46,1926, p. 770. 

Presented at the Winter Convention of the A. I. E. E., New York, 
N. Y„ January 27-31,1930. 


. 2. Installing a cathode ray oscillograph coupled to 
the line. 

3. Installing lightning stroke recorders to obtain 
data on direct lightning strokes. 

The use of the cathode ray oscillograph on this 
system is entirely new, as is also the use of lightning 
stroke recorders. 

This lightning investigation was carried through on a 
cooperative basis by the General Electric Company, the 
Ohio Power Company, and the American Gas and Elec¬ 
tric Company, each company supplying part of the 
equipment and personnel. 

II. System Investigated 

The 1929 lightning investigation was conducted on 
the Philo-Canton 132-kv. lines of the Ohio Power 
Company, these being part of the system on which the 
investigation work was performed in 1927 and 1928. 
A map of the 132-kv. network, of which the Philo- 
Canton line forms one link, is shown in Fig. 1. A 
detailed description of this network has-been given 
previously, 1 as has also a description of the line charac¬ 
teristics. 1 In brief, the line is a two-circuit steel tower 
line, the circuits being in vertical configuration and with 
one ground wire installed at the peak of the tower. The 
dimensions of the standard tower are shown in Fig. 2. 
The insulator strings are equipped with grading shields 
on the line side arid with arcing horns on the ground side 
of all insulator strings. The records for this line during 
the lightning seasons of 1925, 1926, and 1927 have 
already been published, 1 ' 2 > 3 » 4 In choosing a transmission 
system for carrying on this year’s work, it was felt that 
the lightning experience background of the Philo- 
Canton Line would be of distinct advantage in con- 
tinuing the work which was started in 1927. Another 

2. 1926 Lightning Experience on 132-Ko. Transmission bines, 
Philip Spom, A. I. E. E. Trans., Vol. 47, p. 668. 

3. 1927 Lightning Experience on 182-Kv. Transmission Lines 
of the American Gas and Electric Company, Philip Spom, 
A. I. E. E. Quarterly Trans., Vol. 48, April 1929, p. 480. 

4. Surge-Voltage Investigations 182-Kv. Transmission Lines 
of the American Gas and Electric Company, Philip Sporn, 
A. I. E. E. Quarterly Trans., Vol. 47, October, 1928, p. 1132. 
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Fio. 1—132-Kv. Transmission System of American Gas and Electric Company Properties 



Fig. 2 Standard Tower of Philo-Canton -132-Kv. Line 

feature presented by this line is that it had a substation 
tapped to both circuits at about the midpoint, thus 
offering the possibility of tests on the effect or influence 
of non-dead-end station apparatus on line surges. 


III. Scope of Investigation 

The locations of surge recorders, cathode ray oscillo¬ 
graph and lightning stroke recorders are shown in Fig. 
3 and accompanying table. Surge recorders were 
located at the Canton Station to determine the effec¬ 
tiveness of lightning arrester operation. On a section 
of the line about 16 miles long surge recorders were 
located at approximately one mile intervals to determine 
the attenuation of surges originating on or near this 
section of line. This 16-mile section was chosen ad¬ 
jacent to the Newcomerstown substation which is at 
the approximate center of the line, and where both 
circuits are tapped to a common bus. The surge 
recorders, in addition to supplying attenuation data, 
served to supply confirming information for the cathode 
ray oscillograph which was located at the Newcomers¬ 
town substation. At Newcomerstown there were also 
placed surge recorders on the lightning arresters with 
the idea of studying lightning arrester performance and 
getting data which could be correlated with the cathode 
ray oscillograph records. 

By the use of the cathode ray oscillograph it was 
expected to obtain information on crest value of light¬ 
ning surges occurring on the line, and in addition, the 
shape, duration, and reflection characteristics of surges. 
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This location at Newcomerstown substation was se¬ 
lected for the oscillograph as it offered an opportunity of 
studying the performance of lightning waves on reaching 
a substation where there is considerable station equip¬ 
ment, such as post type insulators, bushings, trans¬ 
formers, and nearby steel work. Since in the past, and 
during the present year, cathode ray oscillographs at 
other points, with the exception of one, where lightning 
investigations have been or were being conducted, have 
been located on parts of the line quiteremotefrom station 



Fig. 3—Location of Surge Recorders, Lightning Stroke 
Recorders, and Cathode Ray Oscillograph 

On the Philo-Oanton 132-kv. line of the Ohio Power Oo., 1929 


LIGHTNING INVESTIGATION—1929 


Philo-Oanton 132-I-Cv. Line 


| Surge 

j Recorder 
i Station No. 

Location 

Miles from 
Canton 

Miles from 
back station 

Instrument connections 

Bate of 
installation 

2901 

Canton 

. . 


Bot. <pi —bus side choke coil 

5/ 6/29 

2902 

Canton 


,. 

Top <ps —line side choke coil 

tt 

2903 

Canton 


, . 

Mid. <p 2 —line side choke coil 

<( 

2904 

Canton 



Bot. tpi —line side choke coil 

tt 

2905 

Canton 

.. 


L. A. amps.—Top (p s 35.3 u 

tt 

2906 

Canton 



L. A. amps.—Mid. <p« 34.3 co 

tt 

2907 

Canton 



L. A. amps.—Bot. <pi 35.7 co 

tt ' 

2908 

Tower 204 

23.3 

23.3 

Bot. <pi 

5/ 7/29 

2909 

“ 200 

24.1 

0.80 

Bot. <p\ 

u 

2910 

“ 198 

24.87 

0.77 

Bot. <pi 

u 

2911 

“ 195 

25.64 

0.77 

Bot. <pi 

tt 

2912 

“ 190 

27.15 

1.51 

Bot. <pi 

u 

2913 

“ 185 

28.65 

1.50 

Bot. <pi 

tt 

2914 

“ 181 

29.74 

1.09 

Bot. <pi 

tt 

2915 

“ 176 

30.97 

1.23 

Bot. <pi 

u 

2916 

“ 172 

32.13 

1.16 

Bot. <p\ 

5/ 8/29 

2917 

“ 167 

33.21 

1.08 

Bot. tpx 

u 

2918 

“ 164 

34.19 

0.98 

Bot. <p\ 

u 

2919 

• “ 159 

35.26 

1.07 

Bot. <p\ 

it 

2920 

“ 156 

36.27 

0.91 

Bot. tpi 

tt 

2921 

“ 152 

37.21 

0.94 

Bot. <p\ 

tt 

2922 

“ 148 

38.33 

1.12 

Bot. tpi 

tt 

2923 

" 143 

39.26 

0.93 

Bot. tpi 

tt 

2924 

Newc’t’wn 

40.09 

0.83 

Top tp \—Circuit No. 1 

.5/23/29 

2925 

it 


0.83 

Mid. <p 2 —Circuit No. 1 

tt 

2926 

it 


0.83 

Bot. <pz —Circuit No. 1 

u 

2927 

it 


0.83 

Bus at L. A. <pi 

5/12/29 

2928 

U 


0.83 

Bus at L. A. <P 2 

it 

2929 

u 


0.83 

Bus at L. A. (pi 

tt 

2930 

U 


0.83 

L. A. amps, (pi 33.4 co 

5/23/29 

2931 

tt 


0.83 

L. A. amps. tp 2 32.5 co 

tt 

2932 

it 


0.83 

L. A. amps, (p s 30.3 <o 

6/ 6/29 

2933 

Tower 134 

41.09 

0.98 

Bot. <pi 

5/12/29 

2934 

Philo 

73.3 

32.22 

L. A. amps, (pi 37.0 co 

8/13/29 

2935 ■ 


73.3 

32.22 

Bot. (pi —line side choke coil 

5/ 9/29 

2936 

Newc’t’wn 
Tower 180 

73.3 

32.22 

Bot. <p \—bus side choke coil 

u 

K-2 

40.09 


Bot. (pi —Circuit No. 1 

5/22/29 

3/19/29 


equipment, it was felt this installation might furnish 
additional pertinent data due to its proximity to station 
equipment. 

The lightning laboratory, housing the oscillograph, 
together with coupling potentiometers, are shown in 
Fig. 4. The oscillograph itself, ready for operation, is 
shown in Fig. 5. 

Since the moment a lightning surge will appear at the 
measuring station cannot be predicted, it is necessary 
to have the incoming surge itself place the cathode ray 
oscillograph in operation. This consists in applying a 
high negative voltage to the cathode to obtain the 
stream of electrons making up the cathode ray and in 
applying a gradually increasing voltage to the sweep 
plates of the oscillograph to obtain a deflection of the 
cathode ray on the photographic film proportional to 
the time and at right angles to the deflection produced 
by the lightning surge. These operations must be car¬ 
ried on in an extremely brief interval of time if the 
front of the in-coming voltage surge is to be fully 

5. Lightning Investigation of Transmission Lines , by W. W. 
Lewis and C. Foust, see p. 917. 
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■determined. A circuit for accomplishing this was devised 
by engineers of the General Electric Company. 6 The 
diagrammatic connections of this circuit are shown 
in Fig. 6. A tap on the initiating potentiometer string, 
•causes the three-electrode sphere-gap to discharge and 
carry out the above operations whether the incoming 
lightning surge is positive or negative. 

The lightning stroke recorder is an entirely new 



Fig. 4—Cathode Bat Oscillograph Lightning Measure- 
ment Station 

At the Newcomers town Substation of the Philo-Oanton line 

development. The purpose of this instrument, which 
was proposed by F. W. Peek, Jr., and developed by 
W. L. Uoyd, Jr., is to tell when and where a direct 
stroke of lightning to a transmission line takes place. 
There was reason to believe that the steel towers or 
ground wires of certain lines, at least, might be struck 
without always producing a 60-cycle dynamic' short 
circuit or outage of the line. It was desired to know the 


permit its use on several towers along a line without 
attendants. 

The instrument consists essentially of a small size 
surge recorder, without timing mechanism, which is 
placed across a section of the tower steel. The theory 



Fig. 6—Diagram of Connections for the Automatic 
Operation of the Cathode Rat Oscillograph bt the In¬ 
coming Lightning Surge 

of this instrument is that should the tower be struck by 
a direct stroke of lightning the current through the 
tower steel work will be of sufficiently high magnitude 
to produce a voltage drop which can be recorded by 
Lichtenberg figures on a photographic film inserted 
between the electrodes. In the case of induced strokes, 
however, the current in the tower would be so small 
that no Lichtenberg figure would appear on the light¬ 
ning stroke recorder film. The photographic film is in a 
specially prepared light-proof package permitting 
daylight loading of the instrument. Films were 
changed once a week during the ligh tning season. 
Laboratory tests, using the steepest fronts and current 
up to the maximum which could be obtained from the 



Fig. 5—Portable Cathode Rat Oscillograph 
At the Lightning Measurement Station in Newcomerstown, Ohio 

percentage of direct strokes causing tripouts as com¬ 
pared with the percentage not causing tripouts, also 
the percentage of tripouts produced by direct strokes 
as compared with the percentage produced by induced 
voltage surges. The polarity of the cloud and the 
magnitude of the current in the lightning discharge were 
of considerable theoretical interest. Since lightning 
might strike anywhere at any time the instrument had 
to be simp le enough in construction and operation to 

6. Lightning—Progress in Lightning Research in the Field and 
in the Laboratory, F. W. Peek, Jr., A. I. E. E. Quarterly Trans.. 
Vol. 48, April 1929, p. 436. ^ 


lightning generator, indicated the size of the film and 
electrodes necessary, the nature of the records which 
would be obtained, the satisfactory operation of the 
instrument in accordance with the above theory, and 
furnished an approximate calibration curve for de- 



Fig. 7—Interior and Exterior Views of the Lightning 
Stroke Recorder 

termining the magnitude of current in the lightnin g 
stroke. An assembled and disassembled view of the 
instrument is shown in Fig. 7. A field installation is 
shown in Fig. 8. 

These recorders were located on each tower where a 
surge recorder was located. One recorder was also 
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located at Newcomerstown substation on the steel 
structure adjacent to the lightning laboratory. By 
placing the lightning stroke recorders at the same 
location as the surge recorders, it was possible to 
correlate the data obtained from both the lightning 
stroke recorders and surge recorders. 

IV. Operation of Oscillograph Station and of 
Instruments 

Surge Recorders. The surge recorder investigation, 
covering the lightning season of 1929, extended from 
approximately May 1 to October 15, the exact dates 
when surge recorders were placed in service being 
given in Fig. 3. 

Cathode Ray Oscillograph. The cathode ray oscillo¬ 
graph was installed May 22; from then until October 
15 it was placed in operation whenever li g h tning 
storms were reported on the system between Philo and 



Fig. 8—Field Installation of Lightning Stroke Recorder 
Showing recorder on tower leg 

Canton. This necessitated the constant attendance of 
an oscillograph operator at the lightning measurement 
station when storms were at all probable during this 
time. The oscillograph was placed in operation by the 
surge to be measured, but it was necessary for the 
operators to adjust the potentiometer according to the 
proximity of the storm, to keep the proper vacuum, to 
turn the photograph film after each exposure and replace 
the film after every twelve exposures. The operators 
also made observations of the storms and noted the 
time of each exposure. 

Lightning Stroke Recorders. The lightning stroke 
recorders were placed in operation July 16. There¬ 
after, the film packs were changed every week until 
October 1. After development of the films, an 
examination was made to determine the indication of 
a direct stroke. 

V. Surge Recorder Data and Analysis 

To better analyze the surge data obtained, all surges 
have been classified as to cause under six headings, 
as follows: 

1. Those due to lightning only, where it was known 


a lightning storm was in progress over the system and 
no switching occurred. 

2. Those due to lightning and switching, where the 
circuit tripped during a lightning storm, and a record 
was obtained. 

3. Those due to switching operations on the line, 
where the character of switching surges were known, 
that is whether they were energizing or deenergizing 
surges. 

4. Switching surges occurring so rapidly that the 
energizing and deenergizing characteristics could not 
be separated. 

5. Surges of unknown origin, where no cause could, 
be assigned. 

6. Surges of doubtful origin, where the recorded 
surge was believed to be due to electrostatic interference 
on the potentiometers and not primarily associated with 
characteristic surges causing disturbance. 

A total of 115 surges was recorded during the season; 
these surges are classified, as above described, in Table I. 


TABLE i 

TOTAL NUMBER OF SURGES 


Cause of surge 

Total 

No. 

Selected 

No. 

Lightning. 

41 

24 

Lightning and switching. 

7 

7 

Switching—Energizing No. 1. 

3 

3 

“ " No. 2. 

0 

0 

“ Deenergizing No. I. 

19 

19 

“ “ No. 2. 

1 

1 

Mixed energ. and deenerg. No. 1 & No. 2. 

10 

10 

Unknown. 

27 

o 

Doubtful. 

7 

o 


115 

64 


The “Selected” number of surges in the second column 
represent the 115 surges after deducting those which 
recorded on the three bus recorders at Newcomerstown 
only. These three recorders appeared to be influenced 
by stray fields in the station, so that when these re¬ 
corders only registered, the records were considered of 
doubtful significance. 

A further study of these surges was made to determine 
their polarities and this analysis is given in Table II. 

The maximum voltage recorded (in times normal— 

TABLE II 

PREDOMINATING NATURE OF SURGES WITH MAXIMUM 
RECORDED VOLTAGES 
(Times Normal) 



Po8i 

tive 

Negative 

Oscillatory 

Cause of surge 

Pos. 

Neg. 

Pos. 

Neg. 

Pos. 

Neg. 

Lightning. 

8.4 

.. 

.. 

2.1 

4.2 

Tr. 

Lightning and switching. 

6.5 

,, 

7.1 

14.3 

3.2 

Tr. 

Switching-Energizing No. 1. 

2.8 

,, 

.. 

2.4 

2.3 

2.7 

« “ No. 2, 

,, 

., 

.. 


# 

,, 

“ Deenergizing No. 1 

.. 

.. 

., 

,, 

4.9 

2.8 

“ « No. 2 

Tr. 

,, 

,, 

,, 

,, 

,. 

Mixed energ. and deenerg. 
No. 1 and No. 2. 

3.0 




2.7 

4.0 

Unknown. 

4.9 

.. 

,. 

2A 

3.8 

Tr. 

Doubtful. 

4.2 

. . 


3.6 

3.4 

Tr, 


“Tr.” is trace—slightly above 108 kv. 
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normal being 108 kv.) is given for the maximum surge 
under each classification. The maximum crest value of 
any pure lightning surge is 8.4 times normal positive. 
The maximum voltage recorded on combined lightning 
and switching surges was 14.3 times normal negative 
with a positive indication for this same surge of 7.1 
times normal, occurring at the same place the 14.3 
occurred. There was also recorded a positive surge of 
6.5 times normal at the time of a lightning storm when 
the line was known to have tripped out. 

To indicate the relative frequency and magnitude of 
lightning surges on the line Fig. 9 has been drawn. This 
shows that of 31 lightning surges, about 25 per cent 
were above 4J^ times normal, 10 per cent above 6 times 
normal, 6.5 per cent above 8 times normal, and 3 per 
cent, or 1 surge, above 14 times normal. The general 
character of this curve checks and confirms quite well 
data obtained previously and last year on the same 
question on other systems. Under switching conditions. 



PER CENT 


FIG. 9-MAGNITUDE l FREQUENCY OP OCCURENCE 
OF 

NATURAL LIGHTNING SURGES': 

Pig. 9 Magnitude and Frequency op Occurrence op 
Natural Lightning Surges 

the maximum value of surge recorded was 4.9 times 
normal on deenergizing the line, and 2.7 times normal on 
energizing the line. Both of these surges were highly 
damped oscillations. The maximum surge classified as 
unknown and doubtful reached a value of 4.9 positive 
times normal but both groups are considered unimpor¬ 
tant for purposes of this analysis. 

All surges have further been analyzed as to charac¬ 
teristics, that is, whether all positive or negative or pre¬ 
dominantly of one polarity. Some surges were obtained 
this year, as in the past, where most instruments 
recorded one polarity, but the opposite polarity was 
also registered at other instruments at apparently 
the same time. Such surges have been classified as 
unidirectional (positive or negative) with an indication 
of the prevalent polarity. This analysis is given in 
Table III. 

The important fact brought out by Table III is that 
61.0 per cent of the lightning surges were pure positives, 
12.2 per cent predominantly positive, 14.7 per cent pure 
negative, 4.9 per cent predominantly negative, and 7.2 
per cent highly damped oscillations. Further, switching 
surges are mostly oscillatory, with a few unidirectional 


surges indicated; these however were of small magnitude. 

If the number of positive surges only were taken as an 
indication, it could be concluded that the greater portion 
of surges is of induced origin; on the other hand, the 
highest surge recorded (in point of voltage) was nega¬ 
tive. The only safe conclusion at the present, therefore, 
is that both positive and negative surges can be of an 

table in 

PREDOMINATING NATURE OF SURGES 
(Number Recorded) 

Positive Negative 

Pre- Pre- Oscil- 

Oause of surge Pure dom. Pure dom. latory Total 

Lightning. 25 5 6 2 3 41 

Lightning and switching. 1 2 .. 2 2 7 

Switching-Energizing No. 1 . I .. 1 .. I 3 

“ “ No. 2 . 

Switching Deenergizing No. 1 .. .. .. 19 19 

“ 41 No. 2 1 . 1 

Mixed, energ. and deenerg. 

No. land No. 2 . 4 .. .. .. 6 10 

Unknown. 11 5 5 1 5 27 

Doubtful. 1 2 1 3 7 

appreciable magnitude. More light may be thrown on 
this by additional direct stroke recorder data. 

Attenuation Data. Attenuation data: on natural 
lightning were obtained for two different surges. Dur¬ 
ing the year tests were also run using artificial lightning 
and the attenuation checked with Iichtenberg figures 
secured on the surge recorders which were in normal 
operation throughout theseason. A study was also made 
with the cathode ray oscillograph of the attenuation of 
artificial lightning surges along the line and reflections 
from the open and closed ends of the line. 

Lightning Arrester Tests. The lightning arrester 
surge recorders yielded 53 surge records. In most cases 
a correlating voltage at the terminals of the lightnin g 
arrester was obtained, where current discharges through 
the arrester were recorded. The s umm ary of these data 


TABLE IV 

LIGHTNING ARRESTER OPERATION 



(1.) 225 kv. or less (no record on S. V. R.) 


is shown in Table IV. The data in Table IV shows that 
the lightning arrester, in the case of switching surges, 
has discharged a current of 226 amperes per leg at 450 
kv. Since it is known switching surges do not exceed 
some 550 kv. on these lines, there are no definite data to 
show that the arrester has held the voltage down 
appreciably on switching surges. The arrester has, 
however, discharged a maximum current of 226 amperes 
per leg at 450 kv. which is a point definitely in favor 
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of the lightning arrester. Of course this would not 
effect its economic justification, if the system apparatus 
is built to withstand an indefinite number of surges of 
switching origin and magnitude without failure. 

The maximum lightning voltage surge on the arrester 
recorded 380 kv. with a correlating current of 105 
amperes. This again shows the arrester is performing, 

table v 

CHARACTERISTICS OF THE LIGHTNING SURGES MEASURED 
WITH THE CATHODE RAY OSCILLOGRAPH ON THE 
PHILO-OANTON LINE DURING 1920 


No. 

i 

Date 

Max. 

kv. 

Polarity 

Time in microseconds 

To 75% 

•To max. 

To 50% 

To zero 

On rising front 

On falling tail 

Fast or 

steep-fn 

rnted sure 

-es: 


i 



341 

6/30 

97 

+ 

0 .2* 

1 * 

20 

70* 

467A 

8/23 

245 

+ 

0.5* 

4 

12 

55 

462 

H 

190 

+ 

0 .2* 

1 * 

19 

80 




Average 

0.3* 

2 * 

17 

70* 

Slow or slanting 

^fronted surges: 





467B 

8/23 

70 

+ 

8 

16 

37 

65 

458 

u 

70 

+ 

8 

16 

37 

48 

463 

a 

55 

+ 

4 

20 

38 

65 

464 

a 

70 

+ 

7 

15 

52 

95* 


• 


Average 

7 

17 

41 

68 * 

Very slow or slanting-fronted surges: 




459 

8/23 

85 

+ 

10 

30 

45 

65 

461 

a 

85 

+ 

10 

30 

42 

60 

460 

a 

108 

+ 

13 

28 

43 

55 




Average 

11 

29 

43 

60 

Average of ten surges: 


6 

16 

34 

66 


♦Estimated approximate values 


but a quantitative measure of its performance is lacking. 
That is, there are no data available to show how much 
the discharge current of 105 amperes recorded helped to 
bring down the lightning voltage which might have 
existed without the arrester, or how much the arrester 
aided in holding down the voltage to 380 kv. 

Cathode Ray Oscillograph Data and Analysis 

Lightning Surges. During the time the cathode ray 
oscillograph was in operation 29 storms occurred in the 
vicinity of Newcomerstown. Ten oscillograms of 
lightning were obtained. Although the oscillograph 
was set to record with equal sensitiveness both positive 
and negative surges, all ten surges recorded were posi¬ 
tive. Table V gives the characteristics of these surges. 
Fig. 10 shows typical oscillograms from among these ten. 

From Table V it will be seen that the time to reach 
75 per cent of maximum voltage on the front of the 
lightning wave varied from 34 of a microsecond for the 
fastest waves to 13 microseconds for the slowest waves, 
while the total front of the waves varied from one to 30 
microseconds. The length of the waves, to half maxi¬ 
mum value on the tail, varied from 12 microseconds to 
52 microseconds while the total length of the waves, to 
zero, varied from 48 microseconds to approximately 95 
microseconds. All waves recorded were of low voltage. 
Fig. 11 gives the average of the three steepest surges, 


the average of the three least steep and the average of all 
ten surges plotted in rectangular coordinates. 

Since all ten surges were of low voltage and positive 
polarity it would appear that they were induced voltage 
surges rather than surges resulting from direct hits. 
Furthermore, the surge voltage recorders indicated no 
simultaneous high voltages, the lightning stroke re¬ 
corders no simultaneous direct hits, and no accompany¬ 
ing tripout occurred. 

Since the surges recorded by the cathode ray oscillo- 



B 


Fig. 10— Cathode Ray Oscillograms op Natural Lightning 

Surges 

graph were so low in voltage, it is not surprising to find 
that all of the surges were not of the steepest front. 
Theoretical study and calculations indicate that for a 
1000-ft. cloud and a cloud discharge rate of ten micro¬ 
seconds, less than 15 per cent of Idle theoretical 
maximum voltage should appear on a line by induction. 7 
Thus, whereas a voltage of 4000 kv. could appear on a 
highly insulated line 40 ft. above earth, if an overhead 

7. “Lightning,” F. W. Peek, Jr., General Electric Review , Vol¬ 
ume 32, No. 11, November 1929, p. 603, (see Figs. 30 and 31). 
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cloud were to discharge instantly, less than 15 per cent type represented by the average of the three steepest waves 
of this voltage or approximately 500 kv. is the maximum would be the most important on high-voltage lines. See 
induced voltage which can appear with a 1000-ft. Fig. UK. 

overhead cloud discharging in ten microseconds. The Switching Surges. Several oscillograms of switching 
lughest voltage measured was well below this value operations were obtained during the regular switching 
indicating the cloud at a distance rather than directly operations of the line (see Table VI). Four of these 
overhead. Since the fronts of the seven slowest surges were obtained when the line was being deenergized and 
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Fig. 11—Wave Shapes op Natural Lightning 

Recorded during 1929 by the cathode ray oscillograph at Newcomers- 
town, Ohio 

are not steep, high voltages are not to be expected or, 
conversely, since the voltages are low it is not surprising 
that all of the surges were not of the steepest front. The 
three steepest surges were apparently the result of rapid 
discharges of a distant cloud since these, also, were of 
low magnitude. 

The relative order of magnitude of induced voltage 
surges may be given by the following tabulation. 

Rapid. Slow 

cloud discharge cloud discharge 

Near cloud....... High induced voltage Low induced voltage 

Distant cloud.Low induced voltage Very low or zero 

According to the above classification, the ten surges 
recorded by the cathode ray oscillograph during 1929 
may be grouped as follows: 

Rapid Slow 

cloud discharge cloud discharge 


Near cloud... None Seven 

Distant cloud. Three None 8 


From the above discussion it would appear probable 
that a rapid cloud discharge producing a wave of the 

8. Possibly some of the above seven surges should be included 
here, depending upon what constitutes a “near” cloud. 


one when the line was being energized. The highest 
voltage recorded, 4.5 times normal line to neutral 
maximum voltage, was obtained when the line was being 
deenergized. The actual length of the line was 73.3 
miles. The switching was done on the high-voltage side 
at either Philo or Canton, with the cathode ray oscillo¬ 
graph at Newcomerstown near the midpoint of the line. 
Fig. 12 gives an osciilogram of a typical switching surge 
in rectangular coordinates. 

VII. Lightning Stroke Recorder Data and 
Analysis 

Two direct strokes to the line were indicated by the 
lightning stroke recorders. The first took place to tower 
185 on July 25. Fig. 13 gives the record obtained 
from which it was determined that the cloud was nega¬ 
tive and that a current of approximately 175,000 am¬ 
peres had flowed down the tower during the stroke. 
This was the first record ever obtained of a stroke which 
was actually known to have struck a transmission line. 

Fig. 14 gives the correlated data obtained in connec¬ 
tion with the discharge. A positive voltage surge was 
released on the line. The surge voltage recorded, at the 
tower struck, measured a maximum voltage of 8.4 times 
normal positive, but it is of course possible that this 
value was higher by an amount at least equal to the 
limit of accuracy of the instrument. The surge attenu¬ 
ated rapidly on each side of the tower and after five 
miles was not further indicated by the surge voltage 
recorders. No tripout occurred. 

The second measured direct stroke occurred at tower 
159 during the storm of August 23. Fig. 15 gives the 
record obtained. A positive voltage of 6.5 times nor mal 
was recorded by the surge voltage recorder at the samo 
tower while a positive voltage of 3.5 times normal was 
recorded at tower 156 one mile away. No other voltage 
measurements were obtained. The line tripped but no 
damage was done and voltage could be immediately 
restored to the line. The indication is that in spite of a 
direct stroke tripout, the arc jumped clear of the string 
from ring to horn, without damage to the porcelain 
insulators. 

Iii this case, unfortunately, the film pack of the 
recorder had been improperly assembled so that only 
one record, rather than two, was obtained. A negative 
cloud was, however, again indicated. A lightning 
current in the tower of approximately 100,000 amperes 
was estimated. 

The first of the three direct strokes which apparently 
occurred to the line during 1929 occurred on July 5 
before the lightning stroke recorders were installed on 
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TABLE VI 


No. 

Date 

Switching 

Max. lev. 

Nature 

Approx. 

frequency 

(cycles) 

Indicated 
length 
in miles 

Time to 
maximum 

Duration 
of film 

669 

440 

441 

338 

439 

9/14 

7/28 

it 

6/29 

7/28 

Off 

On 

Off 

Off 

Off 

327 

136 

490 

68 

136 

Oscillatory 

K 

M 

U 

U 

500 

500 

200 

108 

108 

43 

10,000 ms. 
500 

500 

300 

12,000 ms. 
6,000 

6,000 

5,000 

6,000 


the line. The surge voltage recorders indicated a 
negative, surge voltage of 14.3 times normal voltage. 
A line tripout occurred without damage to the insulator 
strings. 

VIII. Attenuation Data and Analysis 
Two lightning surges of relatively high magnitude 
were recorded on the instruments located on the 16 mile 
attenuation set-up. One surge had a maximum value 
of 8.4 times normal positive, and the other a maximum 
of 14.3 times normal negative. The positive surge was 
a pure positive as indicated by all instruments; and the 
negative surge was recorded negative at all instruments 
except at the one instrument where the surge apparently 



Fig. 12—Typical Switching Surge 

Recorded by the cathode ray oscillograph upon deenergizing of the 
Philo-Oanton line 

originated, there being recorded here also a crest value 
of 7.1 times normal positive. The attenuation of the 
crest value of these surges is shown in Fig. 16. 

The attenuation data on these two surges, together 
with three similar surges recorded on this line in 1928, 
have been grouped and plotted in Figs. 23 and 24. 
These will be discussed later. In Fig. 17 the two surges 
shown in Fig. 16 have been replotted on a single group of 
coordinates; that is, the data obtained on both sides of 
the point of apparent origin of the surge have been 
grouped together; and it will be seen that there is a very 
marked difference in the rate of attenuation of the 
positive and negative surges, the positive surge attenu¬ 
ating considerably faster than the negative surge; thus, 
whereas the positive surge at 8.3 times normal potential 
attenuates to 50 per cent of its value in 1.3 miles, it 


takes the negative surge 2.75 miles to reach a correspond¬ 
ing attenuation. 

During the season surges from a 1,000,000-volt field 
lightning generator were placed on the three phases of 
the No. 1 circuit separately and in groups, and the 
magnitude of the crest voltage measured from Lichten- 
berg figures obtained from the surge recorders. Re¬ 
sults of these tests are shown in Figs. 18, 19, and 20, 
where Fig. 18 represents the decay of the crest value 
when the surge was applied to one line wire only. Fig. 



Fig. 13 The First Record Ever Obtained of the Current 
and^'Polarity of a Natural Lightning Stroke Hitting a 
Transmission Line Tower 

19 representing the attenuation when the surge was 
applied to two line wires in parallel, and Fig. 20, repre¬ 
senting the attenuation when the surge was applied to 
the three line wires in parallel. The higher rate of 
voltage attenuation with the surge energy supplied to 
the three line wires instead of one is readily noticeable 
from the shape of the curves. 

The data from which the curves in Figs. 18,19, and 20 
have been plotted are actually indicated, and it will be 
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apparent that the curves which have been drawn to 
represent that data are rather broad averages. It is 
believed, however, that there is sufficient background 
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Fig. 14—Attenuation Curve of thv Surge Resulting 
from a Direct Stroke of Natural Lightning as Measured 
by the Surge Voltage Recorder 



,Fig. 15—Record of the Direct Stroke of Natural 
Lightning which Struck Tower No. 159 of the Philo- 
Canton Line on August 25 
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Fig. 16—Attenuation of Natural Lightning 


Philo-Oanton 132-kv. line No. 1—Bottom conductor—Phase 1 


available for giving the curves the general shape 
that they have been given. 

Referring again to Figs. 18,19, and 20, it will be seen 


that with artificial lightning there is again a distinct 
difference in the rate of attenuation between positive and 
negative surges. For example, with a positive surge the 
crest voltage drops from 500 kv. to 200 kv. in nine miles 
when the surge from the lightning generator is applied 



Fig. 17—Attenuation op Natural Lightning 
Philo-Oanton 132-kv. line No. 1—Phase 1 


to one wire only; from 500 kv. to 200 kv. in six miles, 
when it is applied to two line wires; and from 500 kv. to 
200 kv. in five miles when it is applied to all three line 
wires. When the surge is negative, the same relative 
difference on the rate of attenuation with one, two, and 



Fig. 18—Attenuation op Artificial Lightning 
Philo-Oanton 132-kv. line No. 1—Phase 1 


three wires appears, the drop from 550 to 250 kv. 
occurring in 8^, 4%, and 4 miles respectively. 

The cathode ray oscillograph permitted the more 
precise study of attenuation and also the reflections 
taking place at the open and closed end of a line. Fig. 
21 shows the repeated reflections from the open end of a 
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915 


43-microsecond (7.96 mile) section of the line. Twice highest surges resulted in line tripouts. Further, it will 
tms time or 86 microseconds is required for the first be noted that one of the surges, although it reached a 
reflection to return after traveling twice the length of positive value of 1450 kv., did not cause line tripout. 

the 7.96-mile section. A negative impulse of 427 kv. was Again it will be very definitely noticed that the positive 
applied m this case. 


Fig. 22 shows the repeated reflections of a 427-kv. 
negative impulse from the closed end of the same length 
section of the line. Each reflection at the closed end is 
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Fig. 19 —Attenuation op Artificial Lightning 
P hilo-Canton 132-kv. Line No. 1—Phase 1 


600 

L_ 





SURGE ENERGY 


x 




— 

® POSITIVE SURCE 



L_ 



1929 TESTS 


\ 

s 

x 



X 







o 

v 

V 










X* 

x 

\ * 











5 







200 




_® 

N 












X 

V., 




100 









. 













ft 











°c 



1 - 

i - 

MIL 

i ; 

es . 

i : 


i i 

i io 



Fig. 21 Cathode Ray Oscillogram Showing Attenuation 
op Reflections from the Open End op a Transmission 
Line 

surges show a higher rate of attenuation than the 
negative surges. This is shown particularly well in Fig. 
24, where all the positive surges have been combined and 
plotted as a single curve and the negative surge shown 
in Fig. 23 has been replotted. In Fig. 24 also are indi¬ 
cated the curves plotted according to Foust and 
Menger’s formula and using an average value of K. It 
will be seen that the formulas fit the data obtained quite 



Fig. 20—Attenuation op Artificial Lightning 

Philo-Canton 132-kv. Line No. 1—Phase I 


Fig. 22—Cathode Ray Oscillogram Showing the At¬ 
tenuation op the Reflections prom the Closed, or 
Grounded, End op a Transmission Line 


reversed in polarity, the second being of the same polar¬ 
ity as the original impulse, but lower due to attenuation 
along the line. 

Referring to Figs. 23 and 24 previously mentioned, 
Fig. 23 shows plotted the two surges previously indi¬ 
cated in Fig. 9, these being the two surges on which 
attenuation data was obtained in 1929, and also three 
other surges obtained during 1928. It will be noticed 
that four of the surges are positive and only one was 
negative. It will be noticed first that only the two 


well. Further, the positive constant K is almost twice 
that of the negative constant, the value of one being 
0.000574 and of the other 0.000307. 

Conclusions 

The field studies carried out during the last year on 
the Philo-Canton line and in the field laboratory 
indicate the following: 

1. The lightning surges on the system are pre¬ 
dominantly positive, indicating that they come from 
induced surges and are not direct strokes 
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2. The maximum positive lightning surge recorded 
was 8.4 times normal; the maximum negative surge 
recorded was 14.3 times normal; the maximum de¬ 
energizing switching surge was 4.9 times normal and 
the maximum energizing surge was 2.7 times normal. 

3. Records were obtained showing lightning 



Fig. 23 —Attenuation op Natural Lightning 
P bilo-Canton 132-kv. Line No. 1—Phase No. 1 


arresters discharging current with con-elated voltages, 
and fairly high voltages existing at lightning arresters 
with correlated current discharges. No specific data 
were obtained to indicate the extent of benefit derived 
from lightning arresters functioning. 

4« Data were obtained showing the attenuation 
different for positive and negative surges and the 
attenuation for both was shown to be rather steep. 
Constants of 0.000574 and 0.000307 for positive and 
negative surges respectively in the formula of Foust and 
Menger were obtained, indicating much more rapid 
attenuation for the positive surges. 

5. Two direct strokes were recorded. Both were of 
negative polarity (negative cloud). Currents of 175,000 
amperes and 100,000 amperes were measured in the 
tower. Induced voltages were simultaneously recorded 
on the phase conductors. Only one, however, produced 
a dynamic tripout of the line. The potential of this 
induced voltage surge attenuated rapidly and in accor¬ 
dance with the Foust and Menger formula. 

6. Ten cathode ray oscillograms of induced natural 
lightning surges were obtained. All were of low voltage 
and of positive potential. Attenuation curves applying 
to these oscillograms could not be obtained since the 
voltages were too low to be recorded by the nearest 
surge voltage recorders. Oscillograms of the surges 
resulting from the two direct strokes could not be 
obtained since the direct hits occurred at too great a 
distance from the cathode ray oscillograph station. 


7. Of the ten oscillograms of natural lightning 
obtained three were of steep wave-front (0.5 micro¬ 
second or less to 75 per cent of maximum voltage); four 
were of slow-wave-front (4 to 8 microseconds to 75 per 
cent); three of very slow front (10 to 13 microseconds). 
Since a slanting wave-front results from a slow cloud 
discharge and a slow cloud discharge cannot produce a 
high induced voltage, it is not surprising that these low 
voltage surges included seven having relatively slow 
fronts. The three steep-fronted surges were also of low 
voltage, in spite of the rapid cloud discharge, being 
probably the result of the discharge of a distant rather 
than of a near cloud. 

8. The average of the three steepest waves probably 
represents a type that is most likely to reach high enough 
voltages to cause spark-overs on high voltage lines. 

9. Data were obtained showing that a direct stroke 
can result in line outage; that it is possible for a direct 
stroke to cause no line outage; and that it is possible to 
have a direct stroke away from the line result in an 
outage on the transmission line. 

Acknowledgment is due to the executives of the Gen¬ 
eral Electric Company, the Ohio Power Company, and 
the American Gas and Electric Company who made this 
investigation possible; to various members of the 



Fig. 24 —Attenuation op Natural Lightning 
P hilo-Oanton Line No. 1—Phase No. X 


General Electric Company, the Ohio Power Company, 
and the American Gas and Electric Company for their 
cooperation and help in the design, installation, and 
operation of the apparatus and equipment, and for their 
help in supervising, correlating, and workingupthedata; 
and in particular to Messrs. H. L. Rorden, J. C. Dowell, 
S. D. Day, and George Lippert, who actually carried out 
and were in charge of the various tests and field 
investigations. 


Discussion 

For discussion of this paper see page 928. 



Lightning Investigation on Transmission Lines 

W. W. LEWIS* and C. M. FOUST* 

Member, A. I. E. E. Associate, A. I. E. E. 


Synopsis . —The surge voltage investigations for 1926 and 1927 are 
briefly reviewed,, and data given for 1928 and 1929. The cathode ray 
oscillograph has played a prominent part in the last two years work , 
and about 116 oscillograms have been obtained. New instruments 
were introduced in 1929 as follows: Lightning stroke recorders , 
field intensity recorder, and rate of change of field intensity recorder. 


A vast amount of progress has been made in the solution of the 
lightning problem. Personnel , equipment, and technique are avail¬ 
able for the complete solution of the problem , by means of field and 
laboratory studies carried on simultaneously and supplementing 
each other. 

* * * * * 


A Symposium on Surge Voltage Investigation cover¬ 
ing mainly the work done in 1926 and 1927, was 
presented attheannual convention of theA. I. E. E. 
at Denver in June 1928. 1 

Tentative conclusions were drawn as to polarity and 
magnitude of surges, wave shape, and attenuation, and 
it was stated that in the coming year special efforts 
would be made to obtain data on wave shape, attenu¬ 
ation, effect of ground wires, and effect of lig h tn i ng 
arresters and choke coils. 

Two years’ additional data have now been accumu¬ 
lated and we can answer some of the questions which 
were unanswered at the Denver Convention. 

In 1928 work was continued on the Pennsylvania 
220-kv. interconnected system, the Consumers Power 
Co. 140-kv. system, the Ohio Power Co. 132’-kv. system, 
and the New England Power Co. 110-kv. system. 
The cathode ray oscillograph was introduced and a 
laboratory installed at Wallenpaupack to obtain os¬ 
cillograms of the surges produced on transmission lines 
by natural lightning. 

Mr. McEachron also began in 1928 his work on the 
Turners Falls 66-kv. transmission line, in the course of 
which he placed artificial lightning surges up to 400 kv. 
on the transmission line and studied their effects by 
means of the cathode ray oscillograph. 2 

In 1929 the work was discontinued on the New Eng¬ 
land Power system, but continued on the Pennsylvania, 
Consumers, and Ohio systems. A second cathode ray 
oscillograph was installed at Wallenpaupack and con¬ 
nected to a 300-ft. long antenna, 50 feet above the 
ground. A cathode ray oscillograph was installed at 
Newcomerstown on the Ohio system and connected to 
the 132-kv. line. Mr. McEachron continued his work 
with artificial lightning on the Turners Falls system and 
in addition conducted an extensive investigation with a 

*Both of General Electric Co., Schenectady, N. Y. 

1. Symposium on Surge Voltage Investigation , by W. W. 
Lewis, E. W. Dillard, J. G. Hemstreet and J. R. Eaton, P. Sporn, 
and N. N. Smeloff, A. I. E. E. Trans., Vol. 47, Oct. 1928, 
p.nn. 

2. Cathode Ray Oscillograph Study of Artificial Lightning 
Surges on the Turners Falls Transmission Line , by K. B. McEach¬ 
ron and V. E. Goodwin, A. I. E. E. Trans., Vol. 48,1929. 

Presented at the Winter Convention of the A. I. E. E., New York , 
N. Y., January 27-31,1930. 


1000-kv. portable lightning generator on a 70-kv. line of 
the Consumers Power Co. in Michigan. The artificial 
lightning investigation is described in a paper at this 
convention. 3 

In the 1929 investigation new instruments were in¬ 
troduced as follows: Lightning stroke recorders, field 
intensity recorder, and rate of change of field intensity 
recorder. 

In the present paper the 1928 and 1929 work will be 
discussed and an effort will be made to summarize the 
present status of the investigation and to outline the 
future work. 

I. Crest Values op Surge Voltages Due to 
Lightning and Switching 

Lightning. In Table I are listed the maximum volt¬ 
ages due to lightning on three systems for the year 1926, 
1927,1928, and 1929, as measured by the surge voltage 
recorder. (The locations of the surge voltage recorders are 
indicated in diagrams in companion papers 4 and in the 
Denverpaperspreviouslymentioned.) 1 The voltages are 
given both in kilovolts and in the number of times 
normal crest line-to-neutral voltage. For comparison 
also are given the approximate insulator impulse flash- 
over values as measured by the five-microsecond “Pitts¬ 
field Wave.” This wave has the following general 
description: 

Rises to its crest value in about microsecond, then 
decreases to 50 per cent crest value in about five micro¬ 
seconds. 8 The values given are for flashover on the tail 
of the wave. 

In the case of the Pennsylvania Power & Light 
Company’s system the line under investigation is that 
formerly known as the Wallenpaupack-Siegfried line, 
(now known as Wallenpaupack Tap and Siegfried- 
Roseland Line). The length is 65 miles. 

3. Study of Traveling Waves on Transmission Lines with. 
Artificial Lightning Surges, by K. B. McEachron, J. G. Hem- 
street, and W. J. Rudge, part of symposium on the subject of 
Lightning Investigation, see p. 885. 

4. Lightning Investigation on the Ohio Power Co. System, by 
Philip Sporn and W. L. Lloyd, see p.'905; Lightning.Jnvestigaiion 
on the 220-Kv. System of Pennsylvania Power & Light Co., by 
N. N. Smeloff and A. L. Price, see p. 895. 

5. Progress in Lightning Research in the Field and in the 
Laboratory, F. W. Peek, Jr., A. I. E. E. Quarterly Tuans., 
Vol. 48, April 1929, p. 436. 
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The conductors are horizontally arranged. Up to 
the year 1929 the insulation consisted of 14 disks spaced 
5% in. with grading rings at the line end only. In the 
year 1929, two additional disks were added on the out¬ 
side conductors for a distance of 40 miles from the 
Wallenpaupack end. The conductors are of 795,000 
dr. mils, aluminum, steel reinforced. There are two 
overhead ground wires of 184,000 eir. mils, aluminum, 
steel reinforced. The ground wires extend for 20 miles 


which the assigned impulse flashovers are based. How¬ 
ever, the accuracy of voltage registration by means of 
Lichtenberg fixtures should be kept in mind in con¬ 
sidering these extreme registrations. 6 

In Table II are given the height of line at tower and 
the average height of conductor, also the kilovolts 
per foot of height, as measured by surge voltage record¬ 
ers in 1926-27-28-29. 

On the special antennas used in connection with the 


TABLE i 

MAXIMUM VOLTAGE CAUSED BY LIGHTNING. AS MEASURED BY SURGE VOLTAGE RECORDER 


System 

Rated 

voltage 

(kv.) 

Normal 
voltage 
crest 
(kv. line 
to neutral) 

Approximate 
insulator 
flashover 
impulse (kv.) 1 

Maximum crest voltage caused by 
lightning (kv.) 

Number of times normal voltage 

1926 

1927 

1928 

1929 

1926 

1927 

1928 

1929 

Pennsylvania Power and 



1950 









Light Co. 

220 

180 

2210 2 

2100 + 

2100 

2700 + 


11.7 

11.7 

15.00 

13.3 

Ohio Power Co.. 

132 

108 

1180 












1280 3 

.... 

1200 


1545 


11.1 

15.2 

14.3 

New England Power Co.. 

110 

90 

1025 

240 

900 



2.7 

10.0 

8.2 

• • • • 




1150 \ 












1280 \ 












1400 J 4 










1 . Based on 5-microsecond Pittsfield Wave. 

2. Part of line changed from 14 to 16 disks (spaced 634 in.) in 1929. 

3. Bottom conductor had 10 disks (spaced £34 in.), middle and top conductor 11 disks, for all years. 

4. Up to 1928 all conductors had 8 disks (spaced 5 in.); in 1928 outside conductor had 10 disks and grading rings, next conductor 9 disks and 

rings, and inside conductor 8 disks and rings. 

N otb : Maximum voltage on Ohio Power system in 1927 recorded on middle conductor, in 1928 and 1929 on bottom conductor. 


from the Wallenpaupack end and five miles from the 
Siegfried end. They were installed during the year 1927. 

On the Ohio Power Company’s system the lines under 
investigation are the two circuits vertically arranged 
on the same towers, extending from Philo to Canton, 
a distance of 73 miles. The insulation consists of 11 
disks on top and middle and 10 disks on bottom con¬ 
ductors, all spaced 4% in. The strings are equipped 
with grading rings at the line end only. The con¬ 
ductors are of 336,400 circular mils, al uminum , steel 
reinforced. Extending the total length of the line there 
is one overhead ground wire of 159,000 cir. mils, alumi¬ 
num, steel reinforced. 

On the New England Power Co. system there are two 
circuits, with all conductors horizontally arranged. 
The conductors are of 4/0 copper cable (212,000 cir. 
mils). Previous to 1928 there was one ground wire, and 
in 1928 a second ground wire was added. The ground 
wires are of 7/16 in. steel cable. 

Prior to 1928 all conductors were insulated with 
eight disks spaced 5 in., with no grading rings. In 1928 
the insulation was increased to 10 disks on the two 
outside conductors and to 9 on the conductors adjacent 
to the two outside ones, while 8 disks were retained on 
the two innermost conductors. Grading rings were 
added to all strings at both line and ground ends. 

It will be noted from Table I that maximum voltages 
have been recorded which exceed the approximate 
impulse insulator flashover kv. This may mean that 
occasionally actual surges have required a much shorter 
time to reach flashover than with the Pittsfield wave on 


field intensity recorder a potential gradient of 280 kv. 
per meter (85.5 kv. per foot) was measured. This is 
beginning to approach the figure of 100 kv. per foot, 
which it has been customary to use as the gradient 
possible in the worst case. It is probable that the 
gradient on the transmission line is set by the flashover 

table n 

HIGHEST MEASURED VOLTAGE CAUSED BY LIGHTNING IN 
KILOVOLTS PER FOOT, BASED OK AVERAGE HEIGHT 
OF CONDUCTOR 



Height 

of 

line at 
tower 
(feet) 

Average 
height 
of con¬ 
ductor 
(feet) 

Kv. per foot of height 


1926 

1927 

1928 

1929 

Pennsylvania Power and 
Light Co. 

66 

52 

40 

40 

52 

46 

Ohio Power Co. 

59* 

48* 


20 

34 

32 

New England Power Co.. 

49 * 

41 

6 

22 

18 


♦Bottom conductor. 


of the line insulators, and that this gradient will in¬ 
crease as the line insulation is increased. 

In Figs. 1, 2, and 3 are plotted the surge voltages 
caused by lightning during the years 1927, 1928, and 
1929 respectively. The abscissas represent times 
normal crest line-to-neutral voltage, and the ordinates 
represent percentage of the total number exceeding the 
value indicated by the abscissas. 

The curv es for the Pennsylvania system show a much 

6. Measurement of Surge Voltages on Transmission Lines due 
to Lightning, by E. S. Lee and C. M. Foust, A. I. E. E. Trans., 
Vol.46,1927, p. 339. 
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larger percentage of high surges than for the Ohio and 
New England systems. The tendency of the Pennsyl¬ 
vania system to record higher voltages may be due to 
some property of the line insulation and construction 
(the Pennsylvania line is more highly insulated than the 
others and has ground wires over only a portion of the 



Times Normal Voltage 

Fig. 1—Values op Surge^Voltages Caused by Lightning, 

1927 



Times Normal Voltage 

Fig. 2—Values op Surge Voltages Caused by Lightning, 

1928 

line), it may be caused by the chance of more strokes 
and strokes of greater severity near the line, or it may be 
due to the fact that recorders are placed closer together 
over the entire line than on the other systems. 

The year 1929 shows a tendency for the number of 
surge voltages of high magnitude on the Pennsylvania 


system to be much greater than in previous years. 
In fact, in the year 1929 there were 14 surges over 13.3 
times normal (2400 kv.) out of a total of 45 surges which 
exceeded 300 kv. The indication from the measure¬ 
ments and from line operation is that this line is in an 
unusually severe lightning territory. 

Switching. Table III gives the maximum voltage 
caused by switching, as measured during the years 1926, 
1927, 1928, and 1929, also the approximate 60-cycle 
flashover of the line insulators. 

In spite of the high values occasionally reached,]the 
majority of all switching surges are less than 3.5 times 
normal. It is probable that slightly more than the 60- 
cycle flashover voltage is required to flash over during a 
switching surge (estimated impulse ratio 1.2). It is 
apparent from the data that the 60-cycle flashover of 



Fig. 3—Values op Surge Voltages Caubhd by Lightning, 

1929 

line insulation cannot be neglected, especially if the 
insulators are liable to be subjected to rain at the time 
of switching. 

In general it was noted that deenergizing was some¬ 
what more severe than energizing. For example, on 
the Ohio system in 1929, there were measured 20 surges 
caused by deenergizing with a maximum value of 4.9 
times normal, and only three surges caused by energiz¬ 
ing with a maximum of 2.8 times normal. Switching 
load on and off gave a very mild overvoltage distur¬ 
bance (of the magnitude of 1.2 times normal on the 
Ohio Power system). 

II. Tripouts Caused by Lightning, and Flashed 
Insulator Strings 

The number of surges caused by lightning, as mea¬ 
sured by the surge voltage recorder, is given in Table 
IV for the years 1926,1927,1928, and 1929 for the three 
systems under discussion, also the number of line 
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TABLE III 

MAXIMUM VOLTAGE CAUSED BY SWITCHING, AS MEASURED BY SURGE VOLTAGE RECORDER 


System 

Rated 

voltage 

(kv.) 

Normal 
voltage 
crest 
(kv. line 
to neutral) 

Approximate 

insulator 

flashover 

60 cycles 
(kv. crest) 

Maximum crest voltage due to switching 

Number of times normal voltage 

1926 

1927 

1928 

1929 

1926 

1927 

1928 

1929 

Pennsylvania Power and 




| 









Light Oo. 

220 

180 


■ 

63.0 

720 

845 

450 

3.5 

4.0 

4.7 

2.5 

Ohio Power Co. 

132 

108 




560 

595 

530 


6.2 

5,5 

4.9 














New England Power Co.. 

110 

90 

"""" 


207 

360 

370 


2.3 

4.0 

4.1 






■ 












665 

9 












615 











1 . Part of the line changed from 14 to 16 disks (spaced 6 y A in.) in 1929. 

2 . Bottom conductor had 10 disks (spaced 4# in.); middle and top conductors, 11 disks, for all years. 

3* Up to 1928 all conductors had 8 disks (spaced 5 in.); in 1928 outside conductor had 10 disks and grading rings, next conductor 9 disks and 
rings, and inside conductor 8 disks and rings. 


tripouts. The data on the number of surges are given 
for the portion of the year indicated in the last column 
of the table, while the data for the tripouts cover the 
whole year. It is evident that there are many more 
surges recorded than there are tripouts. 

The data indicate that for the four years there was 
an average of about 29 tripouts per one hundred miles 
per year on the Pennsylvania system, 14 on the Ohio 
system, and 24 on the New England system. 

Data compiled on these systems also show that there 


the west or storm conductor, 51 on the middle, and 97 
on the east conductor. 

On the Hartford Electric Light Co. system, a 66-kv. 
line 33 miles long with two circuits vertically arranged 
on the same towers ran generally northwest. The 
southwest circuit is on the windward side and the side 
towards approaching thunder storms. Three years 
operation of the line showed that trouble from insulator 
flashover and failure was more than twice as great on 
the southwest circuit as on the other or lee circuit. 


TABLE IV 

NUMBER OF SURGES AND NUMBER OP TRIPOUTS CAUSED BY LIGHTNING 


System 

Pennsylvania Power and Light 
Co. 

Ohio Power Co. 

New England Pr. Co. 


Rated 

voltage 

kv. 


220 


132 


110 


Line 

length 

miles 


66 


73 


74 


Number of surges caused by lightning 
[measured by surge voltage recorders! 


Number of line tripouts caused by 
lightning 


1926 

1927 

1928 

1929 

1926 

1927 

1928 

1929 

surge voltages were 
measured 

33 

48 

28 






1926 July 20-Oct. 4 

45 

16 

7* 

14 

38 

1927 Mar. 12-Nov. 2 

1928 April 15-Oct. 1 

1929 April 17-Oct. 1 

14 

166 

46 

31 

15 

4 

12 

11 

1927 May 11-Oct. 16 

1928 April 29-Oct. 20 

1929 May 0-Oct. 1 

104 

47 


11 

43 

5 

13 

1926 July 28-Sept. 12 

1927 Juno 6-Oct. 10 

1928 June 23-Oct. 8 


Period during which 


- — — — .ub.uuxujjj$ Beosuii, msreuung ground wires 

OM.IW.nd 


are as many as 1 to 5 insulator strings or assemblies 
flashed over for each tripout. In other words, each 
stroke which causes a flashover usually affects more than 
one string or assembly, either on the same tower or on 
adjacent towers. 

Statistics also indicate that where there are two 
circuits on a tower, from 5 to 25 per cent of the strokes 
affect insulator strings on both circuits. 

In case of circuits with conductors horizontally 
arranged, or two circuits with some horizontal distance 
between them, statistics seem to indicate that the con¬ 
ductor or circuit on the side from which the storms 
generally approach suffer the greatest number of insu¬ 
lators damaged. For example, on the Pennsylvania 
Power & Light Co. 220-kv. line from Wallenpaupack to 
Siegfried, during the four years 1926, 1927, 1928, and 
1929, there were 115 insulator strings flashed over on 


III. Wave Front and Wave Shape 

An analysis of 150 Lichtenberg figures obtained by 
surge voltage recorder in 1927 on three different systems 
gave the following rough summary as to the duration of 
wave front of the surges producing the figures: One 
surge only less than 1 microsecond, about 20 per cent of 
all surges between 1 and 10 microseconds, about 20 per 
cent between 10 and 100,. and about 60 per cent over 
100 microseconds. 

A cathode ray oscillograph was installed in the light¬ 
ning laboratory on the Pennsylvania System at Wallen¬ 
paupack (tower 1-3) during the latter part of 1928 
season, and one oscillogram was obtained of a lightning 
surge. 7 Th e surge was positive in polarity, rose to 

7. “Transmission Line Insulation and Field Tests Pertaining 
to Lightning,” W. W. Lewis, General Electric Review, July 1929. 
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maximum in 8 microseconds, reduced to 50 per cent of 
that value in 17 microseconds and to zero in 35 micro¬ 
seconds. The crest voltage of the main wave was 
approximately 600 kv. At a point 17 miles from the 
laboratory a value of 2100 kv. was measured by surge 
voltage recorder. 

In 1929 the cathode ray oscillograph installation 
(Pig. 4) was continued at Wallenpaupack and in the 
course of the season 95 surges were recorded. Of these, 
there were 50 surges under 100 lev., 30 between 100 and 
300 kv., and 15 over 300 kv. at the laboratory. 

Table V summarizes the data for the oscillograms 
taken up to August 11, 1929, with voltage magnitudes 
between 100 and 300 kv. These are typical of all 
surges recorded in this voltage classification. 

The oscillograms obtained indicate that the surges 
have various wave shape characteristics. For this 
reason, in Table V under the heading, “Time in Micro¬ 
seconds,” four columns are given: First, the time 
consumed in the initial voltage rise. In several cases 



Fid. 4 Interior View ok Wallenpaupack Laboratory 

►Showing two Gouoral Electric portable cathode ray oscillographs 

this is given between aero and a definite time value, 
the portion of the wave previous to this time not being 
recorded. Second, the time required to reach the 
maximum voltage recorded. Third, the time between 
the beginning of the surge and half maximum voltage 
value on the tail of the wave, and fourth the time dura¬ 
tion of the first loop of the wave. 

In Table VI are summarized the data for the 15 
oscillograms with voltage magnitude exceeding 300 kv. 
It will be noted that the voltage magnitudes in this 
classification range from 330 to 1260 kv. The wave 
front ranges from 1.6 to 36 microseconds. Two of the 
oscillograms obtained could not be analyzed for wave 
front, because of improper adjustment in the oscillo¬ 
graph arrangement. The total duration varied from 4 
to 75 microseconds. Approximately 60 per cent were 
positive and 40 per cent negative for the first loop. 
Within the time range of the oscillograms obtained, 
two-thirds of the waves were oscillatory and one-third 
unidirectional. 

In considering the magnitudes of these waves, and 


their front and duration, it should be remembered that 
all of the waves were measured at the terminal of the 
transmission line, and the voltage values recorded were 
influenced by reflection. In most cases the waves 
originated on the line many miles from the terminal. 


TABLE V 

PENN SYLVAN IA POWER & Ltd IIT OO. CATHODE RAY 
OSCILLOGRAMS 100 TO 300 KV.. YEAR 1020, UP TO AUGUST 11 


Oscill¬ 

ogram 

number 

Kv. 

max. 

Polarity 
of first 
loop 

Nature 

of 

wave 

Time In microseconds to reach 

At least 
75% of 
max. 
voltage 
recorded 

Max. 

voltage 

recorded 

I 

o 5 * £ 

O 

Zero of 
first 
loop 

001178 

245 

1*08. 

Uni. 

0-1.2 

0-1.2 

22 

33 + 

179 

1(30 

Pos. 

Osc. 

O-l 

5 

13 

24 

183 

180 

Pos. 

Osc. 

5 

5 

23 

32 

187 

200 

Pos. 

Uni. 

0-1 

5 

20 

45 + 

189a 

180 

Pos. 

Uni. 

0-1.5 

5 

20 

45 + 

189b 

140 

Nog. 

Uni. 

0-1.0 

10-28 

45 4* 

46 + 

190 

280 

Pos. 

Osc. 

4 

4 

11 

20 

1911) 

250 

Pos. 

Osc. 

0-1.3 

3 

5.5 

9.6 

197 

180 

Pos. 

Osc. 

0-1 

0 

27 

35 

198 

150 

Nog. 

Uni. 

0-1.5 

4 

45 + 

45 + 

199 

180 

Pos. 

Osc. 

2.5 

4.5 

18 

20 

200 

200 

Pos. 

Osc. 

5 

5 

27 

30 

201a 

130 

Pos. 

Osc. 

3 

3 

n 

33 

203 

200 

Pos, 

Osc. 

2 

5 

25 

35 

204 

170 

Pos. 

Uni. 

0-1 

20 

43 + 

43 + 

214 

135 

Nog. 

Osc. 

0-2 

0-2 

0 

10 


Osc. « Oscillatory. 
Uni, « Unidirectional. 


The waves therefore have been subjected to considerable 
attenuation in magnitude and change in form. Taking 
this into account and the extremely high magnitudes 
measured on the line by surge voltage recorders, it is 
reasonable to assume that many of the waves at their 


TABLE VI 

PENNSYLVANIA POWER AND LIGHT OO. CATHODE 
RAY O80ILL0GRAMS OVER 300 KV„ YEAR 1020 


Oscillo¬ 

gram 

number 

Kv. 

max. 

Polarity 
of first 
loop 

Nature of 
wave 

Time in microseconds to reach 

Max. 

voltage 

recorded 

60% max. 
on tail 
of wave 

Zero 

of first loop 

901180 

1260 

Nog, 

Osc, 

3.3 

3.7 

4 Plashover 

185 

300 

Pos. 

Uni. 

4 

46 + 

43 + 

180 

330 

Pos. 

Osc. 

1.6 

16 

20 

188 

530 

Pos. , 

Osc. 

7-8 

1 18 

24 

191 

(300 

Neg. 

Uni. 

4 

14,5 

46 + 

193 

740 

Pos. 

Osc. 

7 

16 

22 

104 

810 

Neg. 

Osc. 

36 

? 

37 FLaahover 

201 

740 

Nog. 

Uni. 

6.5 

43 + 

43 + 

229 

330 

Neg. 

Uni. 

? 

12 

75 

231 

330 

Pos. 

Osc. 

? 

18 

25 

249 

390 

Pos. 

Osc. 

6 

14 

18 

251 

390 

Pos. 

Osc. 

0 

36 

65 

272 

000 

Neg. 

Uni. 

< 7.5 

69 + 

09 + 

275 

500 

Pos. 

Osc. 

< 8 

32 

45 

285 

630 

Pos. 

Osc. 

11 

20 

29 


Osc. *» Oscillatory. 
Uni. - Unidirectional. 


origin have fronts steeper than those measured by the 
cathode ray oscillograph. 

A cathode ray oscillograph was installed in 1929 on 
the Ohio Power Company system at Newcomerstown. 
Ten lightning surges were recorded, of which only three 
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were equal to or greater than normal (108 kv.). All the 
recorded surges were positive and all unidirectional. 
The wave fronts varied from 4 to 30 microseconds and 
the total duration from 45 to 60 + microseconds. 

In the Consumers Power Co. investigation for 1929* 
seven cathode ray oscillograms of li g htn in g surges 200 
kv. and above were obtained. The wave front varied 
from 0.5 to 7 microseconds. The total duration of the 
first loop varied from 0.7 to 40 + microseconds. Four 
of the surges were of negative polarity and three posi¬ 
tive. Five of the waves were unidirectional and two 
oscillatory. 

IV. Attenuation 

In 1927 plots were made of two surges which appeared 
at more than one station on the Pennsylvania Power & 
Light Co. system and six surges on the New En gla n d 
Power Co. system, with distance from an assumed origin 
as abscissas and voltage as ordinates. 9 An average curve 
was drawn and equations determined for the variation 
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Fig. 6—Curve Showing Variation of Voltage with Distance 
for Various Surges 

Occurring on the New England Power Oo. system in 1927 and 1928. 
Factor k from curve « 0.00016 


of voltage with distance and the rate of change of volt¬ 
age with distance, or attenuation. These equations are 
as follows: 


kse 0 + 1 
A = - ke 2 


( 1 ) 

( 2 ) 


in which 

e a = initial surge voltage at the point where the surge 
originated. 


8. Lightning Voltages on Transmission Lines , by R. H. Georg© 
and J. R. Eaton, part of symposium at this convention on the 
subject of Lightning Investigation. See p. 877. 

9. Surge Voltage Investigation on Transmission Lines, by 
W. W. Lewis, A. I. E. E. Tuans., VoL 47, No. 4,1928. 


k = a proportionality factor which is found em¬ 
pirically. 

s = distance in miles from the origin of the surge. 

e = voltage at any distances. 

A = the attenuation in kilovolts per mile. 

The factor k for the surges investigated was found to 
be 0.00016. 

The curve referred to has been replotted with the two 
surges from the Pennsylvania system omitted, thus 
confining the data to the 6 surges found on the New 
England Power system in 1927, together with 2 addi- 



Distance 


Fig. 6—Curve Showing Variation of Voltage with Distance 
for Various Surges 

Occurring on the Pennsylvania Power and Light Oo. system in 1927, 
1928, and 1929 


tional surges obtained on this system in 1928 (see 
Fig. 5). 

Surges on the Pennsylvania system for 1927, 1928, 
and 1929 have been plotted in Fig. 6 and surges obtained 
on the Ohio Power system for 1928 and 1929 have been 
plotted in Fig. 7. 

These data all tend to confirm the validity of Equa¬ 
tions (1) and (2) derived in 1927.® There is, however, 
considerable difference in the factor k for the various 
systems. This factor from the New England surges is 
0.00016. On the Pennsylvania system there is a con¬ 
siderable range in the points of the various surges, but a 
fair average curve through these points again gives a 
factor k of 0.00016. On the Ohio Power Co. system an 
average curve drawn through the points of the surges 
for 1928 and 1929 has a factor k of 0.00057. The last 
named system thus shows a much faster attenuation 
than the other two. 

A few tests were made on the Ohio System with 
surges from a 1000-kv. lightning generator. The po¬ 
tentials at various points were measured by means of 
surge voltage recorders. The results are plotted on 
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Fig. 8, the full curve representing an average of the 
various test points. The dotted curve is taken from 
Fig. 7, and represents the average attenuation mea¬ 
sured with natural lightning surges. « 

Unfortunately, the surges placed on the transmission 
line from the lightning generator were not of sufficient 
amplitude to permit the checking of attenuation over 



Fig. 7—Curve Showing Variation of Voltage with Distance 
for Various Surges 

Occurring on the Ohio Power Oo. system in 1928 and 1929. Factor k 
from curve = 0.00057 

the voltage range of most interest in connection with 
natural lightning surges. However, in the limited 
range of these tests, the attenuation of the artificial 
surges appears to be of the same order as that of the 
natural surges. 

Mr. McEachron in his work in Michigan* found 
factors k of the order of 0.00039 to 0.00049 when an 
artificial surge was placed on three conductors in 



Fig. 8—Curve Showing Variation op Voltage with 
Distance por Artificial Surges Produced bt Lightning 
Generator 

Ohio Power Oo, system. 1929. Dotted curve is from Fig. 6 

multiple. With natural surges it is probable that three 
conductors in multiple are alsp involved, so that attenu¬ 
ation factors should be compared on this basis. Mr. 
McEachron also found it necessary to introduce an 
exponent to modify the distance s in the denominator 
of formula (1). This exponent, however, does not 
differ greatly from unity, and for practical purposes it 
can probably be neglected. 


It was found in the Michigan tests that k varied with 
steepness of wave front, was different for positive and 
negative surges, and was different for a line with over¬ 
head ground wires and for a line without overhead 
ground wires. 

A factor k of 0.00069 was found on the Turners Falls 
66-kv. line when artificial surges were placed on a 
single conductor. 3 

While the attenuation factors from the various 
systems indicate that the wave attenuates faster with 
smaller conductors, it appears that other line and wave 
characteristics, such as those mentioned in connection 
with the Michigan tests, have considerable influence- 
in affecting this factor k. 

V. Effect of Overhead Ground Wires in Reducing 
Surge Voltages 

Ohio Power Company System. In 1927 approximately 
50 surges were measured simultaneously on top, middle, 
and bottom conductors of the vertically arranged 
circuits; in 1928 five surges were recorded, and in 1929 
one surge. This line is a double circuit line with one 
overhead ground wire above and midway between the 
two circuits. 



Fia. 9 —Curves Illustrating Ground Wire Protection 
Ohio Power Oo. system, 1927, 1928, and 1929 

In Table VII is given the theoretical potential of the 
three conductors without ground wire, expressed in 
per cent, on the assumption that the bottom conductor 
is 100 per cent and that the other conductors have 
potentials proportionate to their heights above ground. 
Then there is given the theoretical potential with 
ground wire, still assuming that the bottom conductor 
is 100 per cent and using the protective ratios 0.42,0.52, 
and 0.62 for top, middle, and bottom conductors, re¬ 
spectively. 10 Finally, is given the average of the surge 
voltage recorder readings expressed in per cent, with the 
bottom conductor as 100 per cent. 

In case of the top conductor two figures are given 
under the column of measured potential; the first is a 
comparison of the surges on top and middle conductors 
and the second of the surges on top and bottom con¬ 
ductors. The results are illustrated graphically in Fig. 9. 

10. Relation between Transmission Line Insulation and 
Transformer Insulation , by W. W. Lewis, A. I. E. E. Trans., 
Vol. 47, No. 4,1928, p.992. 
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TABLE YII 

EFFECT OF OVERHEAD GROUND WIRE, OHIO POWER COMPANY 


Conductor 

Approximate 
height at tower 
(feet) 

Theoretical 
potential without 
ground wire 
(per cent) 

Theoretical 
potential with 
ground wire* 
(per cent) 

Measured potential with ground wire average of readings (per cent) 



1929 

Weighted 

average 

Top.. 

85 



83-89f 

99—116f 

92 

88 

Middle. 

72 



91 

110 

.83 

93 

Bottom. 

59 

M 


100 

100 

100 

100 


"‘Calculated by means of tables in Footnote reference (10). 

fFirst figure is comparison of top to middle, and second figure comparison top to bottom conductor. 

1927 figures average of 51 to 54 surges. 

1928 figures average of 5 surges. 

1929 figures are one surge only. 


TABLE VIII 

EFFECT OF OVERHEAD GROUND WIRE, NEW ENGLAND POWER COMPANY 
Surge Voltages Having Their Highest Voltage at Barre 


Conductor position. 

Average of surge voltages (number of times normal). 

Surge voltages in per cent (assuming conductor 6 as 100 %). 

Theoretical protective ratio* in per cent... 

Insulator flashovers.. 

1927 

1928 

G 

1 2 3 4 5 0 

. 4.8 3.1 4.2 3.3 4.4 6.4 

75 49 66 52 69 100 

74 64 64 74 89 100 

22 16 21 17 17 23 

G G 

1 2 3 4 5 6 

4.2 6.4 2.7 2.1' 3.4 4.3 

98 146 63 49 79 100 

100 84 72 72 84 100 

5 4 4 1 4 6 

Lightning storms. 

22 

20 

Insulator flashovers. 

116 

24 

Tripouts... 

43 

5 


♦From Footnote Reference 10. 
G ** Ground wire. 


The last column of Table VII gives the weighted 
average for the three years. On account of the large 
number of surges recorded in 1927 compared with two 
later years, the weighted average figures give a curve 
practically the same as the 1927 curve. 

New England Power Company's System 

This transmission line consists of two circuits hori¬ 
zontally arranged. The conductors may be designated 
1,2, 3,4,5, 6. In 1927 there was one ground wire above 
and between conductors 2 and 3. Instruments were 
installed on all six conductors at two places, Griswold- 
ville and Barre. The readings on these instruments 
did not necessarily indicate the potential due to the 
conductor position at that point, because the conductors 
were frequently transposed. The fairest attempt to 
evaluate the effect of the ground wire was to select those 
surges which had their highest values at one of the 
stations, and therefore, presumably originated near that 
station. For this purpose five surges which had their 
highest values at Barre were studied. The average 
values of the surges expressed in times normal are given 
in Table VIII. 

In 1928 a second ground wire was placed above and 
between conductors 4 and 5. The average values of two 
surges having their highest values at Barre are given in 
Table VIII. 

Fig. 10 illustrates graphically, the effect of overhead 
ground wires for the years 1927 and 1928. 

The number of insulator flashovers, storms, and 
tripouts for 1927 and 1928 are also given in Table VIII. 

In 1929 there were 13 tripouts on this line, and a total 


of 38 flashovers, divided among conductors 1 to 6 
respectively as follows: 7,7,7,2,6,9. 

On Fig. 11 are shown the number of insulator string 
flashovers for each conductor, for the years 1924 to 
1929. 


Fig. 10—Curves Illustrating Ground Wire Protection 

New England Power Oo. system, 1927 and 1828 

A. Without ground wires 

B. With ground wires (estimated) 

. O. With ground wires (measured by surge voltage recorder) 

In this connection it must be remembered that in 
addition to adding the second ground wire in 1928, the 
line insulation was also considerably improved, being 
increased from 8 disks on all conductors to 10. 9 R R 9 
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10 disks. Grading rings were also added at both line 
and ground ends of all strings. 

General. A similar improvement was shown on the 
Ohio Power Co. system previously discussed. In 1925 
there were 88 tripouts. In 1926 a ground wire was 
added and grading rings at the line ends of all strings. 
The tripouts, as shown by Table IV, have not exceeded 
15 per year since that time. There is no doubt that the 
ground wire should be credited with some of this 
improvement in operation. 

Some data were secured on antenna at Wallenpau- 
pack during a lightning stroke. An antenna 50 feet 


rr 

1924 - 5*0 



Conductor*. 

Fiu. II— (Umcvkh Showing Insulator String Flahiiovur on 
Kkw Knot,ani> Power ("o. System, 1024 to 1029 
<i round win? (h was Installed in 11)28 

from the ground with a grounded conductor 10 feet 
above, registered a potential approximately one-half 
that recorded on a similar 50-foot antenna without 
ground wire. 

The Overhead Systems Committee of the Great 
Lakes Division, National Electric Light Association,' 1 
made a study of the operation of high-voltage trans¬ 
mission lines during 1927. The lines without overhead 
ground wires (728 miles) had 12.2 interruptions per 100 
miles due to lightning, while the lines with overhead 
ground wires (1511 miles) had 5.9 interruptions per 100 
miles due to lightning. 

A similar study was made for 1928 operation." The 
lines without overhead ground wires (719 miles) had 
16.8 interruptions per 100 miles, and the lines with 
overhead ground wires (1576 miles) had 8.1 interrup¬ 
tions per 100 miles. The data for the two years 
indicate approximately twice as many interruptions 
per 100 miles on lines without ground wires as on lines 
with ground wires. 

The Texas Power & Light Company in 1925 operated 
726 miles of 60-kv. line with overhead ground wire. On 
these lines they had 28 interruptions or approximately 
4 interruptions per 100 miles. During the same year 
they operated 491 miles of 66-lcv. line without overhead 
ground wire. The interruptions were 75 or about 15 
per 100 miles. In 1926 they had 800 miles with ground 
wire, and the interruptions were 64 or 8 per 100 miles. 
In the same year they had 784 miles without ground 
wire. The interruptions were 220 or 28 per 100 miles. 

11. Report of Overhead Systems Committee, Great Lakes 
Division, National Electric Light Association, Sept. 1928, Also 
report of same committee Oct. 1929. 


All these data, though incomplete, give corroborative 
evidence of the value of the overhead ground wire in 
improving the continuity of service. 

VI. Lightning Stroke Recorders 

In 1929 lightning stroke recorders were placed in 
service on 284 of the approximately 300 towers of the 
Wallenpaupack-Siegfried line and on about 20 towers 
of the Philo-Canton line. 

Fig. 12 is a view of the recorder. This recorder is a 
small Lichtenberg camera, which is placed across a 
portion of a leg of a transmission tower. The develop¬ 
ment of the instrument and its application are due 
to Mr. W. L. Lloyd of’ the Pittsfield High-Voltage 
Laboratory. 

The film for this instrument consists of two sheets 
separated by tinfoil and wrapped in treated paper, the 
whole forming a lightproof and water proof packet, so 
that the instrument can be readily loaded in the field, 
The film is inserted in the camera and pressure is applied 
till the film is held firmly in place, with the electrodes 
against the outside wrapping of the packet. 

The theory of the device is that a direct stroke hitting 
the tower or flashing over an insulator will cause suffi¬ 
cient current to flow down the tower leg to give an 
appreciable drop, and consequently a Lichtenberg 
figure on the film. The current flowing when an in¬ 
sulator flashes over due to an induced stroke will not be 
sufficient to cause enough drop in the tower leg to give a 
figure on the film. 

Four figures were obtained, two on the Wallenpau¬ 
pack-Siegfried line and two on the Philo-Canton line. 

The first Pennsylvania record was obtained on Au¬ 
gust 27 at tower 26-2 (Siegfried-Roseland Section). 



Fig. 12 —View of Lightning Stroke Recorder 

This record was interpreted to indicate about 60,000 
amperes negative polarity. At the same time the surge 
voltage recorder at this tower indicated a positive surge 
of 2400-2800 kv. (13.3 to 15.5 times normal). An 
oscillogram of low-voltage amplitude was taken of this 
surge at the lightning laboratory (about 40 miles from 
origin of surge). Tripout 33 was associated with this 
surge. 

The second Pennsylvania record was obtained Sept. 
10 at tower 12-5 (Wallenpaupack Tap section). This 
tower is at High Knob, in the section of line equipped 
with a counterpoise. 4 The record was interpreted to 
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indicate about 100,000 amperes negative polarity. 
There was no surge voltage recorder at this tower and 
the recorder at the next tower, 12-6, was out of service. 
The recorder at tower 10-2 (the nearest recorder north) 
indicated a positive surge of 350 kv., which it is thought 
correlates with the surge indicated by the lightning 
stroke recorder. The surge voltage recorder at tower 
17-1 (the nearest recorder south) gave no indication. 
No tripout accompanied this surge. 

The first Ohio record was obtained on July 25 at 
3:20 p.£m. on tower 185 and indicated approximately 



Bottom Film 


Fig* 13—Figure Obtained with Lightning Stroke Recorder 
on Ohio Power Co. System 

July 26, 1929, Surge A-50 

175,000 amperes negative polarity. (Fig. 13.) At the 
same time, the surge voltage recorder on the transmis¬ 
sion conductor on this tower indicated a positive surge 
of 8.4 times normal (surge A-50). There was no tripout. 
A good attenuation curve was obtained of this surge by 
means of surge voltage recorders, (Fig. 14). 

The second Ohio record was thought to have been 
obtained on August 23 at 2:58 a. m. This was at tower 
159. The recorder indicated a surge of approximately 
100,000 amperes negative polarity. At the same time, 
the line surge voltage recorder indicated a positive surge 
of 6.5 times normal at this tower (surge A-72). This 
surge was accompanied by a tripout. 

There is a large field for an instrument of this sort, 
but the records obtained so far are too few to establish 


any conclusions as to the value of the instrument for 
the purpose intended. It is planned to continue the 
operation of these instruments for another year. 

VII. Field Intensity Recorder and Rate of 
Change of Field Intensity Recorder 

Two instruments were built and placed in operation 
at the Wallenpaupack laboratory, in an effort to obtain 
some measurements with regard to electric field condi¬ 
tions to which transmission conductors might be sub¬ 
jected. These instruments are called respectively a 
field intensity recorder and a rate of change of field 
intensity recorder. 

The instruments were developed and applied under 
the supervision of Mr. H. L. Marvin of the General 
Engineering Laboratory, Schenectady, and the data 
obtained were analyzed by Mr. Marvin. 

The purpose of the field intensity recorder is to obtain 
a photographic record on motion picture film of the 
vertical component of electric field intensity (voltage 
gradient) versus time. The purpose of the rate of 
change recorder is to obtain a photographic record of 
the vertical component of the time rate of change of 
electric field intensity. The adjustment is made so that 
only relatively large values such as occur during 
thunder storms are recorded. The data so obtained are 
expected to be helpful in two ways: (a) to acquire 
further knowledge of the nature of lightning storms; 
(b) in measuring the relative severity of thunder storms. 

Instruments were installed in a small building near 
the lightning laboratory at Wallenpaupack and began 
operating on May 28, 1929, and continued operation 
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Fig. 14 Attenuation op Surge A-50, which Occurred on 
Ohio Power Co. System July 25, 1929 

(See Pig. 13 for lightning stroke recorder registration.) Dotted curve 
shows attenuation calculated from Equation (1), with K « 0.0006 

throughout the lightning season. During that time the 
recorders went through more than 33 storm periods. 
Each recorder used approximately 1400 ft. of motion 
picture film. The field intensity recorder operated 
satisfactorily from the first, but the rate of change 
recorder produced blank records until after August 5, 
at which time changes were made in the instrument to 
increase sensitivity and adjust for slower rates of change. 
Following these changes records were obtained on this 
instrument also. 
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Fig. 15 shows a view of the field intensity recorder and 
Fig. 16 shows a typical record taken with this instru¬ 
ment, also a record obtained at the same time with the 
rate of change of field recorder. 

Records obtained from the field intensity recorder 
were measured, and the data plotted for each storm on 
cross-section paper, the abscissas representing time and 
the ordinates kilovolts per meter. Fig. 17 shows the 
data for the storm of June 19,1929. 

A study of the records indicates that the readings 
for any one storm are usually of one predominant 



Up to the time of writing this paper it has not been 
possible to determine the meaning of the records ob¬ 
tained from the rate of change of field intensity recorder, 
and their discussion will be left until a later date. 

VIII. Conclusions 

A vast amount of progress has been made in the 



Fig. 17 —Field Intensity Data Obtained by the Field 
Intensity Recorder during the Storm op June 19, 1929 


Fig. 16 —View op Field Intensity Recorder 


polarity, which may be either positive or negative. Of 
33 storm periods studied, about 40per centgavereadinas 
predominately positive, about 40 per cent predomi¬ 
nantly negative, and about 20 per cent mixed positive 
and negative. 

In Fig. 18 are plotted as abscissas kilovolts per meter 
against number of strokes as ordinates, as measured by 
the field intensity recorder. 

In Fig. 19 an attempt is made to correlate the po¬ 
tential gradient with distance of the stroke from the 
laboratory. The distance was determined roughly by an 



Fig. 16 —Typical Record Obtained with Field Intensity 
Recorder (Upper) and with Rate op Change op Field 
Recorder (Lower) 

observer in the cupola of the laboratory, with the 
assistance of a stop watch and a device for sighting on 
the stroke. Of 253 strokes over 15 kilovolts per meter 
recorded, it was possible to correlate in this manner 
only 81 strokes or 32 per cent of those occurring. The 
other strokes were too uncertain in correlation or else 
no satisfactory distance measurement was obtained. 
It will be noticed that the correlation is very rough but 
that there is a tendency for a curve showing greater 
field intensity with shorter distance from the laboratory. 
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Fig. 18 —Curve Showing Field Gradient against Number 
op Strokes, as Obtained by the Field Intensity Recorder 
During the 1929 Season 

Ordinates represent number of strokes giving intensity greater than 
specified value 



Distance- miles 

Fig. 19 —Correlation op Potential Gradient with 
Distance op Stroke prom Wallenpaupack Laboratory, 
Season op 1929 


study of the effects of lightning on transmission lines in 
the past two years. 

Upper limits of 15.2 times normal voltage for light- 
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rang surges and 5.5 times normal for switching surges 
have been reached. 

Gradients as high as 52 kv. per foot of height have 
been recorded on transmission lines, and 85 kv. per foot 
on special antenna. 

Tripouts have occurred on the lines under investiga¬ 
tion as high as 29 per 100 miles per year, with 3.6 
flashed insulator assemblies per tripout. 

About 115 cathode ray oscillograms of natural 
lightning were obtained on the Pennsylvania, Ohio, and 
Consumers Power systems, ranging from low values to 
1260 kv. Wave-fronts varied from less than one to 36 
microseconds and total duration of first loop from about 
one to 75 microseconds. Unidirectional waves pre¬ 
dominated and positive polarity. 

The formulas developed from the 1927 results for 
attenuation 3 have been substantiated, both by results 
from natural lightning and from artificial lightning. 
The factor k for natural lightning has been found to 
average 0.00016 on the New England and Pennsylvania 
systems. For Ohio the factor is 0.00057. Artificial 
lightning surges on the Michigan system gave a factor 
of the order of 0.00044 and on the Turners Falls system 
of the order of 0.00069. 

Attenuation apparently varies with the size of con¬ 
ductor, with the steepness of wave-front, with the 
polarity of the wave, with the presence or absence of 
ground wires, and possibly other factors. 

The - value of overhead ground wires in reducing 
induced potential and in reducing tripouts has been 
demonstrated by test and by operating experience. 

Lightning stroke recorders have been introduced and 
a few records obtained. These give promise of much 
usefulness in the future. 

Field intensity recorders and rate of change of field 
intensity recorders have been used and data of consider¬ 
able value obtained. Gradients as high as 85 kv. per 
foot have been recorded. These instruments promise 
to yield a good deal of information about the habits 
of storms. 

The intensive observation of storm conditions at the 
Pennsylvania lightning laboratory indicated that in 
1929 there were 24 cloud-to-ground strokes within a one 
mile radius in this vicinity. 

In the future work an attempt will be made to 
differentiate between the surges and flashovers due to 
induced strokes and direct strokes. An attempt will be 
made to record by cathode ray oscillograph the wave 
shapes of some of the extremely high voltages which 
have been found by surge voltage recorder. The effects 
of counterpoises or grounded conductors under the 
transmission line will be studied. Attenuation will be 
further studied both with natural and artificial light¬ 
ning. . Devices to prevent flashover (line type arresters) 
will probably be tried out experimentally during the 
coming year. 


Discussion 

PAPERS ON LIGHTNING INVESTIGATIONS 

(Cox and Beck, Tobok, Conwell and Fortesctje, George 
and Eaton, McEachron, Rudge, and Hemstreet, Smeloff 
and Price, Sporn and Lloyd, Jr., Lewis and Foust) 
New York, N. Y., January 29, 1930 

A. E. Silver: Of the unsolved transmission problems today, 
lightning is outstanding. Bringing it under intelligent control is 
an economic necessity in power system development. 

The outstanding item of progress reflected by the very valuable 
group of papers comprising this symposium is the arrival at that 
state of mind where the accepted goal is to conquer natural 
lightning in its worst effects on transmission lines. It is evident 
that investigators have now firmly resolved, and with confi¬ 
dence, to discover the fundamentals of lightning sufficiently to 
enable designing practical transmission lines whose service will 
be immune to lightning effects, i. e., lines proof against direct 
as well as induced strokes. 

Contrast this with five years ago, when transmission engineers 
and the few others who were then studying lightning effects 
accepted direct strokes as being of a magnitude beyond practical 
control, thinking that when they occurred service interruptions 
must be endured. Even two years ago only the most optimistic 
had the courage to resolve that the problem of withstanding 
direct strokes on transmission lines must be solved. 

Again, large progress is reflected in determining propagating 
and terminal effects of lightning surges once established on the 
line. Many data have already been obtained, the necessary 
equipment and technique seem to be well* in Jiand, and present 
interest seems to assure carrying on until sufficient data have 
been gathered and analyzed to establish laws and fo$nulas for 
these phenomena. It is already well established that the insu¬ 
lator spillover interrupting service usually occurs very close to the 
point where the lightning surge originates on the line. 

It is essential that progress in this branch of the problem be 
not confused with the far more fundamental and difficult task of 
discovering the mechanism and laws of the lightning stroke in its 
origin and in its establishment on the transmission line. In part, 
distinctly different equipment and technique are required, and 
these are not yet out of the development stage although now 
yielding some of the necessary data. 

Thus far, in analyzing data obtained, major weight has been 
given to the factors of surge propagation on the line with a 
tendency in the papers to overlook segregation between the two 
phases of the problem. For example, I refer to the paper by 
Messrs. Lewis and Foust. In Tables V and VI, 31 surges of the 
95 recorded at the .Wallenpaupack Laboratory during the 1929 
season are classified by measurements at the cathode ray oscillo¬ 
graph. The classification does not distinguish between waves 
measured at the point of origin on the transmission line and those 
measured at a distance from the origin. Rapid attenuation and 
change of wave shape in propagation is accepted. Clearly, to 
take the average of any substantial number of these waves as a 
conception of the characteristics of natural lightning surges, as 
they exist at the point of origin where they must be controlled to 
avoid service interruption, is misleading, and tends to wrong 
working assumptions. 

If waves measured at the origin were segregated, then of the 31 
listed in Tables V and VI, it is probable that not a single wave 
could be so classified. This is impressive as an index of the 
inherent slow rate of gathering the necessary fundamental data, 
at least until the factor of distance can be incorporated in mea¬ 
suring devices. Also, it should be an incentive to expediting the 
obtaining and analysis of propagation data to deduce the laws 
for correcting surge measurements back to the origin wherever 
along the line they may have been recorded, provided this proves 
to be a practical procedure. 

I repeat, for emphasis, the caution that throughout our investi- 
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gallon work, wo all keep clearly in mind as the main objective 
the protection of service from lightning spillover, which, in 
general, does not result from the lightning surge after it has 
traveled away from the point of its origin on the lino. 

In the matter of transmission lino design to render harmless the 
effects of lightning surges, valuable aid is made available in the 
papers by Messrs. Con well and Fortoscue, and Messrs. 
McEaehron, Hemstreet, and Rudge. These not only present 
valuable data but lay the ground work for even moro valuable 
results as the field tests are continued. Laboratory methods so 
applied in the field on actual linos, together with the experience 
to be gained from thoughtful trial of improved types and observa¬ 
tion on the part of operating man, give definite promise oi' rapidly 
bringing the application of overhead ground wires and their 
ollleient connection to earth from the realm of conjecture to that 
of intelligent design. 

Prevailing theory, field experience, although confused, and 
experimental results, already afford ample grounds for the 
belief that when lightning-proof transmission lines have been 
reduced to a basis of scientific design, the effective application 
and proportioning of overhead ground wires and earth connec¬ 
tions will be a major factor in at least one method of solution. 

I), W. Roper i In connection witli our investigations on 2400- 
volt lightning arresters, wo havo found such informal discussions 
very desirable and valuable. 

in the several papers presented, there is a number of con¬ 
flicting’opinions and theories and all these points must bo ironed 
out and some agreement reached before the proper conclusion 
can be obtained. 

The Transmission Distribution Committee, of which Mr. 
Woodrow is chairman, and tho subcommittee on Lightning and 
Insulators, of which Mr. Sporn is chairman, arc to bo con¬ 
gratulated on this very excellent meeting and for the results 
which are here presented. If they care to arrange for further 
informal discussions to summarize and digest tho information 
that has boon presented, T assure them in advance of tho co¬ 
operation and support of the Commonwealth Edison Company 
and affiliated companies. 

E. P. Peck? All of those lightning studies are made for tho 
purpose of furnishing data which will permit the reduction of 
interruptions to service duo to lightning. An attempt has been 
made to correlate tho results of these tests and of additional 
information on circuit characteristics, and arrange the data in a 
systematic way to permit the predetermination of the probablo 
number of interruptions due to lightning on any given transmis¬ 
sion line. A chart has been prepared which purports to show the 
anticipated number of trip-outs duo to lightning per 100 circuit 
miles per year, when the electrical characteristics of tho trans¬ 
mission line and the lightning characteristics of the territory 
through which the line runs are known. All of the reports of 
tests made throughout tho country that were available, were 
analyzed to determine the effect of different characteristics on tho 
line performance. The chart was prepared from the data ob¬ 
tained by this analysis. 

The method is not expected to give results which have engi¬ 
neering accuracy, but rather the order of accuracy expected from 
rain fall or stream run-off records. The answers should not he con¬ 
sidered useless, even though they are supposed to furnish average 
results over a long term of years. Since the charts are based on 
data which were available in the early part of 1920, and which 
data were somewhat inaccurate and incomplete, it must be 
expected that the charts will require revision after better data 
are obtained. Even in its present state, however, this method 
appears to offer one of the best means of determining the offeefc 
of changing any of the characteristics of tho circuit, such as 
number of insulators, height of conductors, or number of ground 
wires. 

To use the charts, it- is necessary for the investigator to have 
records on his own system or in his territory, of the number of 
lightning flash overs per year. Data aro also needed on the volt¬ 


ages impressed on the line by lightning impulses and the number 
of times these voltages occur. With this information and the 
charts, we believe it possible to determine with reasonable ac¬ 
curacy the improvement that may he obtained in interruptions 
per year due to lightning by making any definite change in the 
number of insulators or others characteristics of circuits. 

V* Bewleys I wish to discuss tho characteristics of travel¬ 
ing waves caused by induced strokes. This discussion will be 
based on the principles established in my paper Traveling Waves 
Due to Lightning , A. I. E. E. Tuans., Vol. 48, July 1929, p. 1050. 
By studying these inherent characteristics we aro in a much better 
position to decide whether the observed traveling waves originated 
from induced or direct strokes. The shape of a traveling wave due 
to an induced potential depends upon four factors. First and most 
important, tho law of cloud discharge; second, but not nearly so 
important, the distribution of bound charge; third, the distor¬ 
tion and attenuation which the wave suffers due to losses as it 
moves along tho lino; and fourth, the change in wave shape 
caused by its behavior at a transition point. The cloud discharge 
may be divided into two stages. The incipient or preliminary 
stage, probably lasting for several hundred microseconds, during 
which time there is undoubtedly an intensification of the held 
gradient, and a migration of tho bound charges held by adjacent 
cloud fields toward tho center of disturbance. Possibly, there¬ 
fore, the actual field gradient at tho instant of rupture is much 
greater than under static equilibrium conditions. The final 
stage of cloud discharge probably lasts up to a hundred micro¬ 
seconds. Tho corresponding distribution of bound charge is 
therefore also divided into an initial stage corresponding to the 
static field prior to discharge, and a transient stage caused by tho 
migration of adjacent bound charges towards tho center of dis¬ 
turbance. Line distortion is caused by corona, and to a much 
less extent by skin effect. If you will refer, for instance, to 
Figs. 5, 0, and 7 of (kmwell and Forte scun's paper, you will see 
that, in the short course of a few miles, there is noticeable dis¬ 
tortion in the traveling wave, although such excessive distortion 
is rather unusual. But the point is, when picture of a traveling 
wave on a transmission lino is taken with a cathode ray oscillo¬ 
graph, it is not known, as a rule, how far it has traveled, and 
therefore it is impossible to determine whether the wave shape 
under observation is the same as that at the point of origin. 
This is very important when drawing conclusions from the wave- 
front. 

Tho following criteria of induced strokes aro of interest: 

1. If a wave has not suffered distortion or elongation due to 
reflection at a transition point, then its length in microseconds 
is equal to the length of the bound charge in thousands of foot 
plus tho time of cloud discharge in microseconds. 

2. The front of tho traveling wave is equal to the length of 
the bound charge, or to the time, of cloud discharge, depending 
upon which is tho lesser. 

3. The general outlino of a traveling wave is established by 
the law of cloud discharge rather than by tho distribution of 
bound charge and, therefore, a rectangular bound charge may be 
assumed for estimating purposes. 

4. Tho rate of riso of potential under the center of disturbance 
is practically double that due to the passage of a traveling wave 
front, although the maximum potential is only a few per cent 
higher than the crest of the traveling wave. This is an important 
point because it has a bearing on tho arc-over char act eristic of 
the insulator at the point of disturbance. 

5. The longer the time of cloud discharge the more depressed 
the crest. If, for instance, a 1000-ft. bound charge released 
instantaneously gives a 100 per cent crest, then a 10-microsecond 
discharge gives only about a 10 per cent crest. 

Now consider a few of the oscillograms given in this group of 
lightning papers, in the light of tho above criteria. Take, for 
instance, the lower right hand surge in Fig. 7 of the paper by 
Cox and Bock. This surge has approximately a 6-microsecond 
front and an effective length of around 35 uninroweennda. Tf 
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that wave is just as it was at its origin, and has not suffered dis¬ 
tortion as it developed, then it can be accounted for as follows: 
5000-ft. bound charge, exponential cloud discharge to practically 
zero in 30 microseconds, and an initial gradient of 25 kv./ft. 
The 5000 ft. bound charge probably is exorbitant. It does not 
seem intuitionally reasonable to talk about bound charges of 
that extent, but on the other hand there is no definite proof 
known to the writer that such long charges are impossible. 
However, it is more probable that this wave which they give has 
experienced considerable slowing up of its front between the 
point where it originated and the point where it was measured. 
On such a basis it could be accounted for by a much shorter 
bound charge released in about 35 microseconds, but in that case 
a field gradient of from 50 to 75 kv./ft. would correspond. 

The highest record obtained by George and Eaton is shown in 
their Fig. 9b. That wave could have originated from a 3500-ft. 
bound charge released in 22 microseconds, and an initial field 
gradient of 50 kv./ft. Here again, the wave has probably been 
distorted on its front, and no doubt came from a much shorter 
bound charge. In the oscillograms obtained by these authors 
there is a little flat place just back of the crest in all of them. 
This same characteristic has been found by other investigators. 
It would be of interest to know whether the authors assign any 
sound reason for this peculiarity. 

McEachron, Hemstreet, ahd Rudge describe some interesting 
tests with traveling waves to determine the protective ratio 
afforded by ground wires. It is rather interesting that the same 
protective ratio is found with fully developed traveling waves, 
as by the purely static methods, such as the conventional calcu¬ 
lations, tests on model transmission lines, and tests on antennas. 
Within a short time a paper will be submitted to the Institute in 
which it will be shown that the protective ratio provided by ideal 
ground wires is entirely independent of the law of cloud discharge, 
of the distribution of bound charge, and of the formation of travel¬ 
ing waves; and that the protective ratio found by traveling 
waves is theoretically identical with that found by Petersen’s 
method or tests on models and antennas. It is worth remarking 
that ground wires are distinctly beneficial whether the trouble 
is due to induced or direct strokes, although there is some dif¬ 
ference in the most efficient way to employ ground wires, de¬ 
pending upon whether the protection is for induced or direct 
strokes. As far as the use of ground wires for direct strokes is 
concerned, good grounds are essential, for, as the pioneer work of 
Cox, Slepian, Fortescue, and Atherton, of the Westinghouse 
Company, has shown, the lower the ground resistance the lower 
the voltages on the ground wires, line wires, and across the insula¬ 
tor strings; and the fewer the number of spans subjected to 
dangerous voltages. 

H. S. Randall x The papers covering the intensive Lightning 
Investigation on Transmission Lines carried on during the last 
year recall to mind one . of the first surge investigations made on 
an actual transmission line with a surge generator at one end 
and a Dufour cathode ray oscillograph at the other. 

In 1927 the Duquesne Light had a two circuit 22-kv. lin e 
approximately 5 miles long and of standard Duquesne Light 
construction consisting of 37-kv. insulator, 4/0 copper mounted 
on wooden poles, and crossarms which was temporarily out of 
service. 

Permission was given the Westinghouse Company to install 
a surge generator at one end and a Dufour cathode ray oscillo¬ 
graph at the other. The set-up was in operation during the 
summer. It was hoped to obtain a few actual lightning surge 
records but two things prevented: first, the present method of 
tripping the cathode-ray oscillograph, getting it onto the firing 
line at the right time, was not developed, and, second, there was 
no lightning in this district during the test period. 

Up to this time many calculations had been made on the re¬ 
actions occurring on a transmission line when subjected to surge 
voltages and laboratory tests had been made on laboratory cir¬ 
cuits with lumped constants only. It was hoped to be able to 


obtain a direct check on the results obtained in the laboratory. 

Among the phenomena predicted by these theories which were 
observed during this pioneer surge test were: 

1. Traveling waves move with the velocity of light. 

2. Traveling waves on reaching open end of the line reflect 
back on the line with same polarity. 

3. Traveling waves on reaching grounded end of the line 
reflect back on the line with reverse polarity. 

4. The surge impedance for a single conductor is in the order 
of 400 to 500 ohms. 

An attempt was made to determine the effects of lightning 
arrester, choke coils, capacitors, and resistors, on the surge volt¬ 
ages. A 40-kv. surge was applied to the open line and there were 
many repeated applications of the surge due to the reflections. 
With a 3-kv. lightning arrester at the end of the line, the surge 
was limited to a much lower value and the arrester absorbed 
sufficient energy so that there were only two impulses. 

A choke coil was inserted ahead of a transformer at the end of 
the line and steep surges applied to the line. The tests showed 
that although the voltage on the transformer was not reduced, 
the wave-front was sloped off. No attempts were made to go 
further with this study but at the present time several thorough 
studies have been made on the effect of choke coils. 

A capacitor was installed at the end of the line and this modi¬ 
fied the surge due to the time it took to charge the capacitor. A 
40-kv. surge was applied but the voltage across the capacitor rose 
to only 6.5 kv. with a sloping wave-front. There was a number 
of reflections as the capacitor does not absorb the energy of the 
surge. 

With a resistance equal to the surge impedance of the line 
installed at the end of the line there was no reflection or folding 
back on itself. With the resistance greater than the surge im¬ 
pedance a wave of same polarity was reflected—with a smaller 
resistance the reflection was of opposite polarity. 

The amount of absorption depends on the relation of resistance 
to surge impedance, there being no absorption when the line is 
open or grounded through zero resistance. 

Compared with the last year’s surge investigations the report of 
this one reads like a school primer, “but we must learn to creep 
before we walk” and getting started in the right direction has 
been a big help in arriving at the present point in surge investi¬ 
gations. 

L. A. Terven: Thanks to the engineering investigations 
which have been possible through improved equipment for which 
the manufacturing companies in the United States are so largely 
responsible, the West Penn Power Company has been able to 
make several practical applications of the principles of lightning 
protection to the solution of specific problems. As an example, 
a case might be mentioned where a short 2300-volt line feeding a 
manufacturing establishment was subject to numerous induced 
surges from a 25,000-volt line which paralleled it on the same pole 
structure for about 670 ft. The 25-kv. line then crossed the 
river adjacent to the manufacturing plant at a rather high 
elevation above the ground plane. 

From actual klydonograph measurements, the quantitative 
values of the surge were learned. Additional lightning arresters 
were then installed and all ground connections were improved. 
In fact, the ground for the lightning arrester at the consumer’s 
premises was extended into the river bed. An idle line was used 
as a grounded system of shield wires between the 25-kv. line 
and the 2300-volt line. The shield wires also extended across 
the river, which was outside of the parallel, and a br an ch, followed 
the 2300-volt line for some 200 ft., after the latter had left the 
exposure. Subsequent investigations showed a marked reduc¬ 
tion in the amplitude of the surges experienced and service over 
this line has been quite satisfactory since the work was done in 
1927. 

R. N. Southgatex It has been very gratifying to view the 
progress which has been made during the past year in studying the 
attenuation of real and' artificial surges along transmission lines. 
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Before proceeding with a discussion of attenuation a distinction 
should be made between attenuation, as a reduction in the magni¬ 
tude of the surge, and distortion as a change in shape of the surge. 
Both attenuation and distortion of wave shape .are brought about 
by the same factors: namely, the series resistance of the line and 
the shunt leakage such as corona or leaky insulation. These 
factors are perhaps too interlinked to be segregated definitely 
into two different groups. 

Considering first the effect of series resistance, a transmission 
line having an appreciable resistance to transients may be 
represented by an ideal transmission line having no resistance 
divided into segments by small series resistors. A surge on such 
a line will behave as follows: The wave travels over the first 
segment of line unaltered until it strikes the first.resistor, then a 
change in surge impedance causes a reduction in the magnitude 
of the wave passing through the resistor, as a positive reflection 
will travel in a reverse direction. This process is repeated when 
the next resistor is reached but the reflection from the next re¬ 
sistor must pass through the first resistor. Thus we can see that 
an original wave of definite length will be replaced by a composite 
of backward and forward reflections added to the remaining 
portion of the original wave. Therefore, in addition to a reduc¬ 
tion in magnitude, both the front and tail of the wave will be 
distorted as the wave is propagated along the line. 

The effects of shunt leakage resistance may be treated similarly 
so as to show the continuous leakage to ground of the surge and 
the reflections on the original wave. However, when the voltage 
impressed upon the line is raised to a certain point a much 
more important factor, called corona, appears for considera¬ 
tion. The formation of corona or breakdown of air takes place 
when the electrostatic stress about the wire reaches a value at 
which extensive ionization by collision takes place. The effect 
is to move the charge to a specific distance out from the wire and 
concentric with the wire. The formation of this space charge 
though rapid is not instantaneous so that in a schematic diagram 
this effect may be drawn as follows: A condenser is connected to 
each incremental length of line conductor through a sphere- 
gap and a resistance. When the traveling wave reaches a 
definite voltage these gaps break down and charge the condenser 
throiigh the resistance. Initially the current delivered to these 
condensers will be rather large, then as the condenser comes 
nearly to the potential of the line the current will diminish and 
finally at the crest of the wave only the leakage current will 
flow. As the voltage of the line diminishes, the charge in this 
condenser will flow back into the conductor when the difference 
in potential between the condenser and the conductor is suf¬ 
ficiently large to cause the gap to break down, again completing 
the discharge process. It is noted that the effects of corona are 
to slope off the front of the wave, reduce the crest of the wave, 
increase the tail, and lengthen the entire surge. 

It is interesting to observe the general agreement in the papers 
presented with regard to the greater attenuation of positive 
surges and surges having steep wave-fronts. Also the greater 
part of the attenuation is charged to corona loss rather than to 
resistance, which accounts for the fact that it varies greatly with 
the original voltage and polarity of surge. 

At the midsummer convention in Denver in 1928, Mr. W. W. 
Lewis presented a formula derived by Messrs. Foust and Monger 
which seems to express fairly satisfactorily the general law of 
attenuation on a given line. In the light of additional data, it 
now appeared necessary to modify the factor k or introduce other 
variables to conform with the condition, size, and spacing of the 
conductors as well as the nature of the weather and shape of the 
surge. Any formula that will accurately express attenuation 
under all conditions promises to be quite a complex function. 

However, some of the general laws or characteristics control¬ 
ling the attenuation of a surge will be useful in determining the 
protection features that must be incorporated at terminal points. 
While there is some indication that the attenuation of surges may 


be materially different under ground wires, it may be possible to 
apply greater protection to lines near substations so a surge 
originating at remote points on the system will be attenuated to a 
harmless quantity by the time it reaches the substation. It 
therefore becomes necessary to pay particular attention to the 
origin of surges on the line next to the substation in order to 
coordinate the apparatus insulation with that of the line. The 
reverse corollary to this statement is that attenuation makes it 
possible to over-insulate remote portions of the line which are 
particularly susceptible to disturbances and decrease the outages 
per year. 

E. E. Georges It seems that a new field is opened up by equip¬ 
ment to record and measure direct lightning strokes. In the 
past research has been pretty well confined to induced strokes. 
Some of the operating and transmission men have had an idea 
that a good deal of damage on high-voltage systems, particularly 
the burndowns, was caused from direct strokes. 

About a year and a half ago attention was particularly directed 
to this again in making arc tests, because it was never possible 
to get any very extensive damage to insulators or conductors for 
the currents that would be on the system in any reasonable time, 
that is, the time we used to consider good relaying. There is 
nothing to indicate that, if the kv-a. could be doubled or trebled, 
the conductor and insulators would be injured, yet it was known 
that, in many of the burndowns, although the line apparently 
relayed instantaneously, the insulators were shattered and the 
conductor was badly burned. 

It is hard to reconcile this with the fact that lightning is sup¬ 
posed to be a matter of microseconds. Currents of the order of a 
hundred thousand amperes were never mentioned at that time, 
but it did seem that there must be some enormous melting or 
mechanical effect there. If the stroke of lightning could tear up 
an oak tree or set a barn on fire from top to bottom, certainly it 
ought to do some damage to copper conductors the size of one’s 
little finger. 

The evidence of burndowns from this time on was followed 
very closely and it was never possible to find any ease in which 
the damage was attributed to a power arc. In other words, the 
burning down of the line seemed to be due to the initial shot of 
lightning. 

One thing to keep in mind in such a system is the relative 
seriousness of trip outs and burndowns. A line 100 miles long 
may be out twenty times a year. The total duration of outs will 
be twenty minutes. Six of those outs may occur in the worst 
lightning months, say July. This means that for six minutes 
the customer has been interrupted. If from those twenty outs 
five per cent of burndowns, say one burndown a year, occur in 
the country where it is difficult to patrol and repair trouble, the 
line will be out from two to twenty hours. It may be a radial 
transmission line,- affecting a good many customers. So the 
prevention of burndowns is of particular interest. 

It has been said if a lightning proof line can be made customers 
will receive perfect service. This statement should be qualified 
somewhat. A record of all the cases of trouble for the past year 
discloses that about 55 per cent are due to causes external to the 
system—wind, weather, natural phenomena, floods, and things 
of that kind, and in no way associated with the- system or its 
operation. About 45 per cent are due to personnel failures, poor 
operation, poor design, equipment defects, poor maintenance, 
etc. Of the 55 per cent due to external causes a reasonable 
portion is due to lightning. We believe it is a fair statement to 
say that if lightning could be eliminated entirely the interrup¬ 
tions to customers probably could not be cut by 40 per cent. 

In studying lightning one of the things to keep in mind is the 
limitations of the protective scheme. Phase-to-phase faults are 
hard to relay. It may not be so always. . At the present time, 
the ground faults can be very well cleared up. If more than one 
phase is involved, clearing up is a little more difficult. If the 
fault involves three phases, it is still more serious. For that 
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reason, some operating men are opposed to horizontal construc¬ 
tion, if it means closer spacing between phases and higher insula¬ 
tion to ground* 

The only other point in connection with direct strokes is that 
this device permits measuring strokes on steel towers. Maybe 
some day somebody can devise equipment to be put on wood 
poles. (Perhaps such a device ought to be pretty well insured 
beforehand.) The belief exists that it will be possible to decide 
soon whether or not wood construction is worth while on high- 
voltage lines. 

E. J. Wade: A set of three oscillograms is shown in Pig. 9 
of the Conwell and Portescue paper which show no oscillations. 
I know from experience that obtaining such oscillograms is 
difficult where the impulse generator is close to the oscillograph. 
It is important to be sure that they have thought of all factors 
in the divider and connections which would make it absolutely 
certain that these oscillograms represent the actual conditions. 

The importance of careful study of the potentiometer schemes 
which are in use should be emphasized. When a capacity po¬ 
tentiometer is used there is little question but that all the 
oscillations are reproduced which are important. Possibly 
additional oscillations are introduced if care is not taken, but 
when a resistance potentiometer is used, especially if it is of 
high resistance value, the oscillations are likely to be suppressed 
and result in error, not only in the calibration but in the time 
it takes the wave to reach maximum. 

The cable resistance type potentiometer used in these tests is 
very convenient and if one can be sure that it is accurate, it is the 
proper thing to use. However, the capacities at each end 
which can be considered as in parallel with the resistances have 
a considerable effect on the front of the wave. We have been 
using in the laboratory for several years a resistance potentiom¬ 
eter without the cable in which the capacities are controlled so 
that it is like a capacity bridge. The capacities are adjusted to 
have the same ratio as the resistances. * In this manner the ratio 
is controlled to a known value from -the resistance measurements. 
The capacities are then balanced so that it is accurate for all 
wave-fronts. 

The manner in which the capacities are balanced is interesting. 
Vplt ampere curves are taken on a test piece which is known to be 
of constant resistance and the, capacities are adjusted until no 
loop is obtained between the rising and falling current. A 
description of this laboratory potentiometer is given in Electric 
Light and Power for May, 1929. 

Concerning Messrs. Conwell and Fortes cue’s paper, I should 
like to say something about the surge impedance measurement 
which they made. In speaking particularly of the tower im- 
pedance measurements, they apparently have combined what 
they call the surge impedance of the tower with the resistance of 
the ground. No attempt is made to separate them. If they are 
separated we can consider the ground resistance as either con¬ 
stant or falling slightly with increasing currents. 

Mr. Beck made some tests in the laboratory, reported in the 
Electrical World in March, 1928. These tests were made on earth 
in a box, and he found no change due to impulse currents. Other 
tests were made on driven grounds, some by Towne, noted in the 
•General Electric Review of November, 1928, and others which were 
made last summer in Michigan, indicate a reduction in resistance 
for high impulse currents. The reduction is not very great. 
These tests by Messrs. Conwell and Fortescue show an increase 
in impedance for impulses. Based 6n the tests just referred to 
this increase must be ascribed not to the ground resistance, but 
to the tower itself. It would seem that the impedance of a 
tower would depend on the design of the tower, contour of the 
ground around the tower, and the resistivity of the soil and ought 
to be nearly the same for different towers. 

In Table I is shown an increase of from 15 to 55 ohms over the 
low-voltage resistance. This seems to be quite a wide variation 
for the different towers. I also wonder whether it is accurate to 


use the term “surge impedance” to describe these tests, because 
the height of the tower is very short compared to the length of the 
wave front, and there is time for a number of reflections while 
the voltage is rising so that the actual surge impedance of that 
short section of tower might not have much effect. Perhaps 
they can explain their tests so that it will clear up this matter. 

On the surge impedance of the transmission line, Fig. 10, the 
two upper points at 200 kv: seem to be the only supporting data 
which indicate a falling off of impedance for high voltages. 
It is doubtful whether such data provide sufficient justification 
for saying that the surge impedance is lower for high voltages 
due to corona. 

In Mr. Torok’s paper, Fig. 17, the impulse breakdown at slow 
impulses, 20 microseconds, does not show a constant impulse 
ratio. For instance, at a setting of two times the diameter an 
impulse breakdown 25 per cent higher than the 60-cycle break¬ 
down is found, while at seven times the diameter it is only 5 per 
cent higher. This is not only contrary to expectation, but the 
different curves are somewhat erratic. Is this due to an uncer¬ 
tain calibration or is it a characteristic of the sphere-gap? 

W. J. Rudies The oscillograms shown in Fig. 1 herewith, 



Fig. 1—Measurement op Induced Voltages for Various 
Conditions op Grounding 

were taken to supplement the measurements given in the paper 
by McEachron, Hemstreet, and Rudge. The oscillograph was 
located 5.5 miles from the Croton end of the S-19 line and the 
impulse generator; 30 miles of line extended beyond the point of 
measurement. 

The negative wave shown by the bottom oscillogram, Fig. 1, 
was applied to the top conductor, the other conductors being 
insulated except for the measuring devices. Voltage which was 
induced on the middle conductor by the wave traveling on the 
top conductor is shown by the top oscillogram. A positive rise in 
voltage may be noted at the beginning of the wave. On the next 
oscillogram the line was opened and measurement of induced 
voltage made on the section near the impulse generator. The 
wave shape is essentially the same as before. The third oscillo¬ 
gram was taken on the section of line removed from the generator. 
It is to be noted that the positive rise in voltage is absent. 

Comparison of these oscillograms indicates that where one con¬ 
ductor carrying a wave is paralleled by an insulated conductor, 
upon which an induced wave is traveling, the shape of the wave 
will be dependent on the position of measurement. 

Fig. 2 shows a series of oscillograms which were taken with one 
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conductor of tlie line used as a ground wire. Arrows are placed 
at the position where measurements were made. 

The applied waves traveling on the bottom conductor are 
shown by the upper middle and right oscillograms. Voltage 
induced oh a span of the ground wire by the wave shown on the 
upper oscillogram is shown by the oscillogram below. 

An analysis of these oscillograms shows that a value of resis¬ 
tance which gives a damping decrement corresponding to that of 
the oscillations found on the middle oscillogram was nearly the 
same as the resistance obtained by taking the sum of the tower 
footing resistances at each end of the span on the ground wire. 

The frequency of the oscillations checks up with the time which 
is required for a wave to travel twice the open length. 

While these measurements are limited in scope they will 
serve as a guide to any one making a theoretical study of the 
ground wire problem. 

O. Ackerman: Messrs. McEachron, Hemstreet, and Rudge 
state that “some difficulty has been experienced in measuring the 
surge impedance of the transmission line conductors.” 

Similar difficulties have been encountered in the transmission 
line experiments about which Mr. Conwell has reported. These 
difficulties are not only of an experimental nature as might be 
expected from the use of sphere-gaps, but they are rather funda¬ 
mental. 

The surge impedance was measured by surging the line over 
a resistance R. and the voltage was recorded from both ends of this 
resistance to ground. The voltage drop across the resistance 
is proportional to the surge current. According to our conven¬ 
tional conception of surge impedance, this is the ratio between 


resistance comes to a stop and may even reverse before the volt¬ 
age becomes zero. 

This is part of the facts which necessitate dropping the simple 
term “surge impedance” for the term “impedance function”' 
known from the operational calculus. The impedance function 
for a line with constant L, C, r, and g is given by the term under 
the radical sign. The sign p, can be considered as a parameter 
although it has a more definite meaning in operational calculus. 
Here we can take it as standing for the fact that Z is not a con¬ 
stant but depending on some variable p. 

The impedance function of a transmission line writh compil- 
cated corona characteristics and skin effect is not necessarily 
given by the term under the radical Bign, but it is always equal 
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voltage and current at any point of the surge and this ratio should 
be constant. 

A glance at the oscillogram in Fig. 3 shows that this is not the 
case. If the ratio were constant, the two curves ought to be 
similar. Figuring the ratio E/I at various points, it varies 
from 300 ohms to infinity. We were therefore at first quite at a 
loss as to how to calculate the surge impedance from such an 
oscillogram. We owe the solution of the problem to Dr. Slepian. 

Obviously, resistance and corona play a big part in the prob¬ 
lem. The effect of the line resistance as outlined by Mr. 
Southgate is nicely illustrated in this oscillogram. Reflected 
by the line resistance part of the surge current is flowring back¬ 
ward, spreading the wave over a longer stretch than that given 
by original impulse. Therefore, the current flow through the 


Measuring Impedance Function Z ( P ) and Surge Impedance 
op Transmission Line with a Cathode Ray Oscillograph 

to this quotient of integrals which has been derived by Dr. 
Slepian. Leaving aside the exponential term, we obtain the 
impedance function by dividing f V d t by S I d t. Instead of 
taking V/I at any particular point, we take an average in some 
way. The method yields satisfactory and consistent results. 


For large values of p, Z approaches ^ ——. Knowing —— we 

can gain information about r and g out of relations such as under 
the radical sign, and thus will be able to tell more about attenua¬ 
tion and wave distortion not only in an empirical manner but 
from a more scientific standpoint. 

F. W. Peek, Jr.* Of importance in these investigations are 
the results of the work of the investigators with the operating 
companies cooperating with the General Electric Company. 
On one line alone, a 220-kv. line of the Pennsylvania Power and 
Light Company, over 150 cathode ray oscillograms of natural 
lightning were obtained during the year. Other oscillograms of 
natural lightning were obtained on other lines, particularly on the 
lines of the Ohio Power Company. Next to the cathode ray 
oscillograms, the most important factor that has entered the 
investigation this year is the direct stroke indicator. Although 
this work was not started until late in the season a number of 
records was obtained of direct strokes of lightning on towers. 
Direct-stroke currents of the order of 175,000 amperes were 
recorded. These measurements are of extreme importance 
because a knowledge of actual current values will permit us to 
calculate the lightning voltages that appear across a tower or 
between ground wire and earth during a direct stroke. With 
this information it is possible to determine the tower design and 
conductor configuration necessary to make a transmission line 
lightning proof against direct strokes. 

Next in importance are the data obtained on ground wires and 
rods described by Mr. Smeloff. You will remember some years 
ago we made measurements of the protective ratio of the ground 









934 


LIGHTNING INVESTIGATIONS 


Transactions A. I. E. E. 


wire in the laboratory on small models. The protective ratios 
obtained by this method indicated a greater effect from the 
ground wire than calculations. It thus appeared that ordinary 
calculations did not take into account all of the factors. 
This year these tests were repeated in the field with natural 
lightning and full size towers. One span or antenna arrangement 
was erected without a ground wire while an adjacent span was 
erected with a ground wire. Simultaneous measurements on 
these two spans or antennas during thunder storms showed a 
protective ratio of approximately the same value as that ob¬ 
tained on the miniature models in the laboratory. Apparently 
a factor usually neglected in calculations is the corona which 
effectively increases the size of the conductor. Gradients as 
high as 85 kv. per foot were measured by these antennas. This 
value approaches the gradient of 100 kv. per foot which was 
determined in an entirely different manner. 

The papers on lightning arresters already presented at this 
convention record two important steps forward in lightning 
arrester development, first, the size of the new arrester has been 
so reduced that it is now possible to place it near the apparatus 
that it is intended to protect; second, it is now possible for the 
first time to predict the performance of the lightning arrester. 
Reference is here made particularly to Mr. McEachron’s paper 
in which curves are given from which the performance of the 
arrester can be pre-determined for any condition. 

While progress has been made on transmission lines the im¬ 
provements have been going forward in the factories in making 
transformers more highly resistant to lightning transient voltage. 
Perhaps the outstanding achievement in this direction is the 
non-resonating transformer. During the year 150 or more 
natural lightning waves were measured on transmission lines. 
An examination of the oscillograms shows that the waves vary 
over a considerable range as would be expected. In most cases 
they were evidently caused by storms some distance away. In 
this connection it is important to determine from these measured 
free traveling waves the character of the voltage during the 
formation of the wave at the point of origin. This is particularly 
important because the voltage will always be much higher at that 
point and arc-over is more likely to occur there. Calculations 
show that for a range of cloud sizes and rates of discharge to be 
expected, the voltage at the source or origin reaches maximum in 
from one-half to one-third of the time indicated by the front of 
the free traveling wave. The effect at the point of origin would 
thus be that of a wave about twice the steepness and of a higher 
voltage value than those measured. A study of the measured 
waves shows that 50 per cent reach crest voltage in less than 

3 microseconds and 90 per cent in less than 8 microseconds or, 
at the point of origin, 50 per cent of these transients would 
reach maximum voltage in less than 1microseconds and 90 
per cent in less than 4 microseconds. Insulator spark-over, if 
it occurs at all, is likely to occur on the rising front of these waves. 
The laboratory tests show that the spark-over voltage in 

4 microseconds on the uniformly rising wave has an impulse ratio 
of approximately 1.6, and for spark-over in 1}4 microseconds, an 
impulse of 1.9. Thus, from an examination of these waves one 
would expect 50 per cent of the insulator arc-overs to have an 
impulse ratio of 1.9 or greater, and 90 per cent of them to have an 
impulse of 1.6 or greater. Measurements with the surge voltage 
recorder during the past few years have given approximately 
these same results. For this reason also it would seem desirable 
in making laboratory tests to use a wave giving an impulse ratio 
of 1.9. It so happens that the standard laboratory waves 
adopted a number of years before these measurements were made 
give these results. 

A further examination of the oscillograms shows that some of 
the waves have a front of 10 microseconds or more. The front of 
a wave is usually shorter than the time that it takes for the 
cloud to discharge. The induced voltage that can occur on a 
transmission line depends upon the rapidity of the cloud dis¬ 
charge. For a cloud discharging in 10 microseconds and a cloud 


1000 ft. long, the maximum voltage that could occur would prob¬ 
ably be in the order of 500 kv. with a front of two or three micro¬ 
seconds. This would not be high enough to cause arc-over on a 
110-kv. line. From this it appears that induced voltages high 
enough to cause arc-over on lines 66 kv. and above must have 
steep wave fronts and thus high impulse ratio. For lines 66 kv. 
and below it would appear that induced voltages caused by slow 
discharging clouds might be sufficient to cause arc-over. Accord¬ 
ingly, the average impulse ratio measured for lower voltage lines 
would probably be less than for higher voltage lines. 

An examination of the waves indicates that voltages sufficiently 
high to cause arc-over on 220 -kv. lines could be induced with 
clouds of a reasonable size and a reasonable rate of discharge. 
It also appears, however, that the induced voltage would cause a 
greater number of outages on the low-voltage lines and as the 
voltage and thus the insulation is increased, the direct stroke 
would become more and more important as the cause of outages. 
Voltages caused by direct strokes would be quite steep and thus 
have high impulse ratio. 

During the past year we have made further mathematical and 
laboratory studies on the possibility of using ground wires to 
prevent outages from direct strokes as well as induced voltages. 
The results are very promising. One important factor brought- 
out is the necessity of very low ground resistance at the tower 
footings for direct stroke protection. 

A statistical study of lightning outages on transmission lines 
in various parts of the country has been completed. Since dif¬ 
ferent voltages, heights of line and insulation obtain, an attempt 
was made to reduce the data to a common insulation basis by 
dividing the number of insulator units in the string by the tower 
height. Since the number of storms varies in different parts of 
the country, the outages were reduced to a 100 storms per year 
basis per 100 miles of transmission line. A curve was then 
plotted between outages per 100 miles per year and insulators 
per foot height of tower. The curve indicates that outages would 
be very small with 0.8 of an insulator unit per foot height of 
tower without ground wires. With ground wires the outages are 
of the same order with 0.4 of an insulator per foot height of tower. 
This means that 0.4 X 40 =16 units for a 40 ft. conductor 
height should give a very small number of outages, all probably 
due to direct strokes. 

This is the same conclusion reached by our laboratory methods. 
For example, with a 40 ft. line 

7 = 0 ^ = 100 X 40 = 4000 kv. 

With ground wire 



which is the maximum induced voltage. 

By referring to the lightning spark-over curve (standard J^/5 
Pittsfield wave) this corresponds to about 15 units. Thus, 16 
units should give negligible outages for induced voltages, which 
was checked statistically above. It now seems economically 
feasible to design a line with ground wires so located that direct 
stroke outages may be greatly reduced or even eliminated. 

Mr. Torok has given a very interesting paper on the test 
results of a certain type of wave. A rectangular wave such as 
he is attempting to produce, would give results of theoretical 
interest. It does not appear, however, the wave used really 
gives this effect or eliminates the variable due to wave-front. 
In fact, it seems to be a wave with front reaching crest in be¬ 
tween 1 and 2 microseconds and decreasing to ha lf value in 
about 40 microseconds. In making spark-over tests it is desir¬ 
able to use a wave giving an impulse ratio of about 1.9. Unless 
this is done, the effects are little different from those caused by 
the 60-cycle arc-over. The high impulse ratio is a more severe 
test because it subjects the solid insulation of the insulator to 
much higher stresses. This.follows because of the high arc-over 
voltage. 

It is of interest to find that Mr. Torok now oboolra thA rpsuH-.a 
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which we had obtained on the grading shield. His tests show 
that for the high impulse ratios the arc-over voltage of the string 
is materially increased, when the grading ring is used. The 
tests also show that better results are obtained with the hoop 
type of ring. 

A. S. Brookes: In addition to the paper by Messrs. Conwell 
fud Forteseue there are some further points about the surge 
impedance of grounds which should be considered at this time. 
Previous investigators have measured the surge impedance of 
grounds and found that a ground may be considered as pure 
resistance. One thing they have not considered is that the 
transmission engineer is not primarily interested in the ground 
impedance but in the impedance of the ground plus a tower. 
Consider the action of a tower footing in lowering the voltage of a 
surge on a ground wire. The tower may be considered as a 
conductor of appreciable length connecting the footing to the 
ground wire, When a traveling wave hits the top of the tower, 
a, reduction in voltage takes place and a surge travels down to the 
ground taking a finite time to reach it. If the footing is of 
lower surge impedance than the tower, a negative reflection takes 
place. When this reflected wave strikes the junction, it causes 
an increase in current and a reduction in voltage. This process 
of wave reflection continues back and forth until a steady state 
condition is established some time after the original wave reached 
tlie tower. 



Pig. 4 


Tests were made at Stillwater to determine the effective 
surge impedance of the tower and footing combined. These were 
made by measuring, the reduction in voltage of a surge passing 
tli© tower on a conductor of known surge impedance grounded 
to the tower. Tests were made at different times and as close 
agreement found as could be expected with the amount of varia¬ 
tion present in the moisture content of the soil. . The surge im¬ 
pedance seems to be about twice the meggered resistance but the 
agreement is hot close enough to be of much significance. 

The method of using a buried footing tie or “counterpoise” 
is of interest as the action of such a cable is unlike that of a ground 
concentrated at one point. The cable may be considered for pur¬ 
poses of analysis as connected to the ground through a number of 
Jaigli resistances. When the resistance of such a combination is 
meggered, a low value is obtained, as might be expected because 
a steady state condition is reached and all the resistances carry 
practically equal current. Under surge conditions, a finite time 
is required for the reflection from each assumed resistance con¬ 
nection to travel back to the top of the tower and it might be 
expected that only the part of the cable near the tower would be 
effective, due to the long time required for reaching the steady 
state condition. This analysis considers the cable only as a 
path to ground and neglects any “counterpoise” effect. Further 
tests are really needed to determine if the latter effect is of 
importance. 


Table I in the paper by Messrs. Conwell and Porteseue shows 
that the cable does reduce the tower surge impedance very 
greatly. The relatively small effect on tower 41 may be explained 
by the fact that here the cable ran along the top of rocks for 
about a hundred feet before entering the ground. Tower 39 
showed the impedance with the cable to be about half of that 
with the cable disconnected. Evidently the cable lying in the 
earth near the tower footing exerted some effect, even when 
disconnected, because tower 40 showed an impedance of 115 
ohms when the cable was disconnected from the base of the 
tower and when the entire cable was actually removed from the 
earth, an impedance of 128 ohms. On this tower the improve¬ 
ment in surge impedance effected by the buried cable was in the 
order of 6 to 1. 

Tests were also run at Stillwater to check the belief that it was 
only the first part of the cable which was effective. Measure¬ 
ments were made with various lengths of cable and the curve 
of the surge impedance plotted against length of cable used is 
shown in Fig. 4. This shows that with surges of the duration 
used in the tests, the first 80 yards of the cable are by far the 
most effective portion. 

These tests indicate that the use of a cable buried six or eight 
inches and extending about two hundred feet from a tower footing 
parallel to the line conductors is a very effective means of im¬ 
proving high resistance grounds, and such a cable is probably 
cheaper and easier to install than a concentrated ground of equal 
impedance. Data are insufficient to attempt a complete theoreti¬ 
cal analysis of the value of low impedance grounds but a partial 
analysis and some operating data seem to indicate that a trans¬ 
mission line with low impedance footings does have better 
ground wire protection and is more free from flashovers. 

A. C. Monte!ths The beneficial effect of ground wires on 
reducing outages has been demonstrated on a large number of 
lines throughout the country. There is some discussion as to how 
this gain is secured. 

If it is accepted that all surges on high-voltage lines producing 
outages are caused by direct strokes, the line construction em¬ 
ployed will be different from that used if surges arising from 
induced strokes are considered of major importance. Data 
gathered both in this country and in Germany indicate that the 
effect of direct strokes should be given first consideration in line 
and tower construction to build a line which will have a minimum 
of outages due to lightning. This point of view emphasizes the 
fact that ground wires should be located with respect to the line 
wires so as to attract and receive the lightning stroke. It 
further means that the ground wires will be placed above the 
line conductors and spread out so as to shield the line adequately. 
This point of view also stresses the importance of securing 
the lowest tower and footing resistance economically possible. 

Two ground wires will usually give good protection for a twin 
circuit line with vertical configuration or a single circuit line with 
horizontal configuration provided the above mentioned factors 
are recognized. 

Work of a theoretical nature has been done by Messrs. 
Fortescue, Atherton, and Cox and presented in their paper 
entitled Theoretical and Field Investigations of Lightning before 
this society last year. Based on this work and the results 
of the work done by Professor Matthias in Germany together 
with data on probability of frequency of lightning occurrence ob¬ 
tained from klydonograph records, curves have been prepared to 
show the effect of ground wires and tower footing resistance on 
the probability of outage of a transmission system equipped with 
various numbers of insulator units assuming that the line is 
adequately shielded. 

In Fig. 5, Curve A, the assumption has been made that the 
maximum voltage in a direct stroke to the ground wire at the 
tower will be ten million. If the frequency of occurrence of the 
ten million volt stroke is taken as unity the probabilities are that 
N squared times as many surges of 1/N times this value will be 
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experienced. Unity may be one or more. Curve A intersects 
.the voltage line at ten million with the probability of occurrence 
as unity. The slope of the curve is such that the probability of 
a 5-million-volt surge is four times unity and of a one-million- 
voltage surge 100 times unity. 

From Fig. 6 which is Fig. 24 published in the Forteseue, 
Atherton, and Cox paper, the values of voltages across an insu¬ 



lator were secured due to a direct stroke on the ground wire at 
the tower for various values of tower and footing resistance in 
ohm. The Curve V indicates the potential on the ground wires, 
in terms of ground impedance, for a stroke to the ground wire at 
the tower and in the mid-span. Those of V indicate the po¬ 
tentials on the line wire for the same conditions. Those of 
Vi — Vi indicate the potentials across the insulator string also 
for the same conditions. These curves show that next to placing 
the ground wires so that they receive the direct hit, the value of 
tower and ground resistance is the most important factor. The 
percentage reduction accomplished by ground wires in the 
case of direct strokes, even with reasonably low ground impe- 



Fig. 6 


dance, is very much greater than that in connection with in¬ 
duced strokes. 

The family of curves for various values of ground impedance 
are shown in Fig. 5 and give the relationship existing between 
crest voltage of the stroke at the tower and the voltage across the 
insulator string as well as the probability of such voltages occur¬ 
ring. The horizontal lines give the impulse flashover value of 
the various strings of standard 10-in. insulators at 15 microsec¬ 


onds when subjected to a flat topped wave similar to the Trafford 
wave. 

The curves show that the probability of outage for a line 
having a 10-insulator string is ten times as great with 200 ohms 
surge impedance as compared to a line with 25 ohms surge 
impedance. Also the probability of outage for a line having 6- 
insulator and 25 ohms surge impedance to ground is 5 times as 
great as if fourteen units were used. These curves show very 
strikingly the large gain in utility of insulation made by keeping 
the tower footing resistance to a minimum. The values of surge 
impedance referred to are of the tower and footing measured 
without the interconnecting ground wire in place. 

In Fig. 5 the assumption that 10,000,000 volts is the maxi¬ 
mum that can be secured from a lightning stroke is open to 
question as no direct data are available to substantiate this 
assumption. However, theoretical work together with results, 
obtained in Germany, of current measurements in a stroke, 
indicates that this assumption is fairly reasonable. Fig. 7 is 
identical, in every respect, with Fig. 5 except that the assumption 
of maximum magnitude of the surge has been increased to 
15,000,000. 

The data presented in these figures are meant to present the 
picture of the value of ground wires and low ground impedance 



from a qualitative standpoint rather than from presenting 
quantitative results of actual data. 

With the tests already under way in the field and those con¬ 
templated for the next lightning season some very interesting 
data should be obtained to establish definitely the validity of the 
theories which have been advanced. The direct proof of tho 
theories will have marked influence on the considerations that 
should be given weight in laying out the types of tower construc¬ 
tion that should be used. If the theory of the direct stroke is 
further substantiated the curves in Figs. 5 and 7 indicate very 
strongly that extensive work is yet to be done before the designer 
can predict with certainty a lightning proof line. 

Edward Beck: The paper by McEachron, Hemstreet, and 
Rudge, presents some data on the impulse characteristics of 
driven grounds, indicating that the apparent resistance of a 
ground when subjected to impulse voltages is somewhat less than 
the resistance as measured by the usual means such as by a 
megger, for instance. The writer has made similar tests on 
driven grounds and these are in rather good agreement with the 
results secured by Towne and McEachron, Hemstreet, and Rudge. 
The writer found in his test that grounds which indicated high 
resistance when measured by means of instruments showed a 
much greater reduction in apparent resistance when subjected to 
surge voltages than grounds which measured low in resistance. 
The results of these tests have been published in the proceedings 
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of the Signal Section of the American Railway Association for 
March 1929. 

The investigations of lightning phenomena on transmission 
lines have increased our knowledge of this subject and have 
alroady caused us to change some of our ideas, in some instances 
quite radically. Although it is not among the most important 
strides towards the solution of the lightning problem, one of the 
most radical changes in established practise brought about by the 
lightning research involves the choke coil. For some time past 
many people who have studied the choke coil theoretically have 
held that the type of coil in general use is of no benefit as an aid 
in lightning protection because it is too small and that if it is 
made sufficiently large to exert an appreciable influence on a 
lightning transient it is likely to produce secondary effects which 
may be harmful to apparatus unless taken care of by auxiliary 
protective equipment. Although this view was held by many, 
the lack of complete test data restrained the industry from 
accepting this opinion and from discarding the choke coil as a 
protective devico because there naturally lurked in the back¬ 
ground the thought that the theorists might have overlooked 
something. The lightning investigations have shed light on 
the general shape of lightning waves to be expected and on. the 
behavior of choke coils. It quickly developed that the type 
of choke coil usually applied is in general neither beneficial nor 
harmful, in other words it is not economically justified. Thus 
a direct oconomic benefit to the operator has already resulted 
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Fro. 8 — Comparison of Lightning Arrester Voltage and 
Impulse Flasiiover of Insulator String 

from the work done by the various investigating groups. In 
certain specific eases the application of choke coils is sound 
practise but where they are used they must be designed for the 
particular installation. 

Tho choko coil situation represents one of the changes in ideas 
which the lightning research has brought about. With data now 
available on the performance of insulation and protective devices 
when subjected to impulse voltages and on the general nature of 
the lightning transients to be expected it appears to me that the 
time is ripe to reconsider another phase of the lightning problem. 
During the past few years much thought has been devoted to the 
proper coordination of line and apparatus insulation purely as 
an expedient to safeguard apparatus against damage by lightning. 
It has been proposed that an insulator string be used as a stand¬ 
ard for this coordination and for this proposal there is a sound 
background. Howover, the impulse data now before us bring 
out the shortcomings of the insulator string for this office. 
The Torok paper presents data on the impulse characteristics of 
insulators. Wo see from it that the flashover of a string is not a 
fixed quantity but that it varies with the nature of the applied 
impulse (Fig. 8). If we say that the flashover or impulse ratio 
of a string or a gap is thus and so, we must also specify the wave 
for which this holds, and this gives us no data on the flashover of 
the string for another wave unless we have before ns the entire 


impulse flashover curve. Thus we have a standard which is a 
variable and which, by the nature of its high flashover on steep 
waves may pass on voltages which can be dangerous to apparatus. 
Also it is known that other insulation does not necessarily 
parallel the characteristics of a string preserving the same margin; 
on the contrary, the characteristics of the various types of insula¬ 
tion that enter into system design and must be considered in the 
coordination may even cross each other. It would be desirable 
that the standard chosen have a fixed characteristic independent 
of the wave shape. The value to which modern valve type 
lightning arresters will limit lightning voltages is practically a 
constant quantity for the range of waves that occur. This is 
known from tests on arresters ranging to the largest yet installed. 
Moreover arresters will limit the voltages to lower values than 
the proposed insulator strings. The arrester is the most efficient 
voltage limiting device that is available and the one that must be 
considered. With standard voltage class insulation in a station 
and modern valve arresters of that voltage class properly applied 
it is immaterial to what degree the lines may be overinsulated, 
tho voltage which reaches the station is limited to a definite value 
by the arrester. 

Hence the writer would propose that in the coordination of 
insulation serious consideration be given to a standard based on 
the impulse characteristic which has the advantage of being a 
constant and of being the base, namely that of a lightning arrester 
as it is used today. 

In the projection of a system one of the first things that is de¬ 
termined is the operating voltage. This fixes the ratings of the 
arrestor to be used which in turn fixes the transient voltages 
that are permitted at arrester locations. The insulation em¬ 
ployed on the system can then be based on this. 

It may seem somewhat early to suggest the use of lightning 
arrester characteristics as basis for the coordination of insulation 
as there still exists some scepticism of their performance and 
reliability. However, with actual tost data before us it appears 
to the writer that the characteristics of lightning arresters present 
features which make them more suited as basis than insulators 
and I am confident that as the lightning research progresses and 
data continue to be published, the difference between the two will 
become universally apparent. Moreover the arrester is proposed 
merely as a basis for coordination. If insulator string or gaps 
are preferred as protection in some cases there is no reason why 
they should not bo used. This is a matter of economics. How¬ 
ever, I would suggest that they be coordinated with the other 
insulation through the medium of the arrester characteristic. 

Harald Norinders I have read with great interest the paper 
of J. H. Cox and Edward Beck on the subject of Cathode Ray 
Oscillograph Studies on Lightning on Transmission Lines . 

I was particularly interested in seeing whether the records 
of lightning surges on transmission lines in the United States 
would show some difference in their general structure from those 
of surges recorded with similar instruments at the research 
station of the Royal Board of Water Falls, in Sweden. From 
theoretical considerations I was unable to discover any reason 
for a difference in the structure of the surges experienced on 
transmission lines in Europe and in America. The .general 
physical state of a thunder cloud must be the same in regions not 
included in the equatorial belt, where the conditions are probably 
quite peculiar. 

However, it doos not follow from this that we might be able 
to use a few records as a basis for a “standard” lightning surge. 
Physical structures and conditions during thunderstorms are too 
variable to produce some uniform type of lightning surge. 

In Sweden at the resoareh station of the Board of Water Falls 
during the summer of 1929 two cathode ray oscillographs were 
connected to transmission lines of either 20 or 80 kv. 

A comparison of the records secured at the Upsala station with 
those presented in the paper by Messrs. Cox and Beck show good 
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agreement. The general duration of the surges and the time to 
reach their crest values are of the same order. 

The absolute crest values in kilovolts are higher in the case of 
those described by the Cox and Beck paper than our own This 
difference is brought about by the difference in insulation on the 
respective lines. We have recorded our surges on moderately 
insulated transmission lines of 20- and 70-kv. systems and all 
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Fig. 9—Lightning Waives 


surges with higher amplitudes have been lost because of the 
flashovers they produced. 

Detailed results of our lightning surge records in Sweden during 
the season of 1929 will be published in the L E. E. Journal , Lon¬ 
don, 1930, and the Bulletin de la SodetS Francaise des Electriciens. 

C. L. For fescues There are two things we want to avoid in 
an investigation of this character. First is jumping at conclu¬ 
sions, and second is wishful thinking. 

Mr. Peek makes a plea for the short wave, of 20 microseconds 
on the basis that it is close to the average of the waves observed. 


ni 


Front 

Y Assumed 
/Wby Peck 

/\ 
Standard 
Wave of Pittsfield 
Lightning Generator 



-Lightning Wave from 
Du Four Oscillograph near 
I Lake Wallenpaupack 


6 8 10 12 14 16 18 20 22 24 26 28 

TIME IN MICROSECONDS 



"8 10 12 14 16 18 20 22 24 26 28 
TIME IN MICROSECONDS 

* Fig. 10 


I might say that if we wanted to design a battleship to withstand 
gunfire, we wouldn’t take the average battery; we would take 
the largest guns built and would try to design our armor to with¬ 
stand the impact of those guns. When we are designing trans¬ 
mission lines, what we want to do is to make that transmission 
line as nearly as possible immune from lightning and therefore we 
ought to consider the most severe type of wave that is possible 

due to lightning. . 

These waves shown in Fig. 9 were taken during the season of 


1928. In the first waves the front was indeterminate but you will 
notice the Tennessee wave here is of considerable length. After 
30 mi croseconds it is only reduced to about 80 per cent of 
its original value. This other wave, the Wallenpaupack wave, 
rises to a very high value and then drops off. It is admitted that 
for that wave there was a flashover of an insulator on an ad¬ 
joining line. The result of a flashover on an adjoining line is to 
dissipate part of the surge in this other line. Consequently, the 
probability is that if it hadn’t been for the flashover that wave 
would have been of about the same character as the Tennessee 
wave. 

Fig. 10 shows the Tennessee wave, the Wallenpaupack wave, 
the 5 microsecond wave, and the Trafford wave. The wave we 
are using in our laboratory follows very closely the outline of the 
Tennessee wave. 

Some of the waves we obtained at Stillwater can be seen in 
Fig. 11. This first wave, obtained on the Wallenpaupack line, 
went up to an exceedingly high value flashing over the insulator. 
You will notice there that in spite of that flashover there is so 
much energy left that the voltage is maintained for a considerable 
time. This other lower wave you see follows closely the same 
characteristic, and it is only reduced to 80 per cent of its value. 
So you can’t say that the ordinary lightning wave is a short wave. 

I am under the impression from the paper by Mr. Smeloff 
that a large number of those waves cause flashover some distance 



Fg. 11— Typical Lightning Surges Recorded with Cathode 
Ray Oscillographs 

before they reach the cathode ray oscillograph. In such cases 
they are chopped. You can’t define them as an actual lightning 
wave after they are chopped. What we really want is an actual 
lightning wave as it appears on the line at the point where it 
happens without, any interference due to flashover of insulators 
or anything else. That is the reason why we seized the oppor¬ 
tunity of doing work on the Stillwater line, which is the highest 
insulated steel tower line in the United States. 

Just a few words about some of the other papers. In Mr. 
McEachron’s paper he mentions the attenuation with ground 
wires. He says in his conclusions that if that is general, it is an 
important thing to know that the effect of ground wires is to 
reduce attenuation, but I don’t think that is general. I think 
that the attenuation will depend a good deal on the surge im¬ 
pedance of the ground. 

I drew the conclusion a year or so ago that the effect of the 
ground wire would be to increase the attenuation. However, 
the effect of it in the decrease in attenuation, if it is there, is not 
serious as far as the operation of the line is concerned. 

I think the lightning stroke recorder is a good idea. We should 
use it without jumping to conclusions. I think our friends have 
jumped to conclusions. I don’t think that the method of using 
it will give the value or even an approximate value of the light¬ 
ning surge current. 

As regards the question of direct stroke versus induced stroke, 
there is no real controversy there at all, except in this respect, 
that as far as high-voltage lines are concerned, the group with 
which I am working has disregarded the induced stroke as a cause 
of outage, and we are concentrating on trying to find what the 
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maximum value and wave form of direct stroke is. However, 
there is some evidence in Messrs. Lewis and Foust’s paper which 
seems to show that a considerable number of the voltages pro¬ 
ducing outages are due to direct stroke, possibly all of them, I 
don’t know. The fact that the transmission line on the storm 
side gets more outages I think is very positive evidence that the 
large number of the outages are due to the direct stroke. 

F. E. Andrews: I wish to discuss the four papers which had 
to do with the investigations of actual lightning on transmission 
lines. The experience which has been obtained on the lines of 
the Public Service Company of Northern Illinois I believe should 
add some weight to the information which has already been 
given in these papers, and in some respects may be considered 
somewhat more conclusive than some of the data which is given 
in these papers. 

I will refer to three 132-kv. lines originally constructed without 
ground wires. They are insulated with unshielded strings with a 
60-cycle flashover of approximately 570,000 volts r. m. s. These 
three lines operated for two and three years, depending upon the 
line concerned, without ground wires, and during that time of 
operation without ground wires there were 115 outages due to 
lightning. In other words, with 174 year miles of operation, 
we had 115 outages, or 66 outages per 100 miles per year. After 
the installation of the ground wires on these same lines, the record 
was approximately 1.2 per 100 miles per year; 163 year miles 
with 2 lightning outages. During the year 1929, for 297 miles of 
lines operated we had 3 lightning outages, or approximately 1 
per 100 miles per year. 

The approximate value of lightning surge voltage gradient 
which we estimate would cause flashover, when the lines were 
without ground wires, was 20 kv. per foot. That is based on an 
impulse ratio of 1.8. The estimated voltage which will give 
flashover with ground wire is about 37 kv. per foot. I therefore 
believe that we can assume most of the 115 outages due to 
lightning were caused by lightning surge voltages between 
approximately 20 and 37 lev. per foot. The performance after 
the installation of ground wires indicates that the lightning surge 
voltages exceeding 37 kv. per foot on these lines are of the order 
of 3 per 100 miles per year. 

This brings up the question of the extent to which it pays to go 
to voltage gradient such as 100 kv. per foot, ordinarily spoken of as 
the maximum gradient which may be expected. It is a question 
whether the small number of outages occurring at voltages above 
the flashover values which I mentioned justifies the expense of 
insulating, or otherwise designing, to withstand such voltages. 

The question of induced strokes versus direct strokes is per¬ 
tinent. To us it doesn’t make very much difference whether the 
strokes which caused the outages on the line before the ground 
wires were installed were induced or direct. It appears that 
voltages were experienced of such a character that they would 
flashover an insulator string of approximately 570 kv., 60 cycle 
flashover value. After the ground wire was installed the pro¬ 
tective ratio and character of the lightning were such that we 
did not get flashover except in rare instances. We feel that this 
experience gives us a reasonably satisfactory basis for the design 
of our lines. 

H. L. Melvin: Referring to the section of the paper by Mr. 
Torok dealing with wood insulation, I am of the opinion that the 
dashed portions of the time lag curves should show decreasing 
values to 8 or 10 microseconds similar to those for other types of 
insulation and even to a greater degree for wet wood. It is also 
believed that the failure to obtain breakdown with the longer 
durations might be accounted for by the limitations of the labora¬ 
tory lightning generator, or with the longer durations, break¬ 
down may have occurred within the wood section rather than 
along the surface, thus not being observable. However, if a 
cathode ray oscillograph was used in making the tests, these 
results are very interesting. 

During the past two years several lines, utilizing the impulse 


insulation of wood in an experimental way to a greater degree 
than any lines heretofore constructed, have been under special 
observation and test. Considerable damage has been done to 
unprotected sections of poles and crossarms, indicating terrific 
power in the lightning discharges. These flashovers probably 
occurred on the front of the wave, in many cases at least, as 
voltages in excess of 200 kv. per foot of length of wood were 
recorded a number of times by surge voltage recorders. We are 
also of the opinion that most of them were due to direct strokes 
and side flashes. These lines, some of which are insulated as high 
as an estimated equivalent of 25 to 30 suspension units, do nofc 
hesitate to flashover and it is common experience to find 40 to 
50 ft. of pole flashed, which, based on the test data, would be the 
equivalent of more like 50 units or about 20 ft. of air. These 
values interpreted in times of normal crest voltage to ground are, 
of course, greatly in excess of the commonly discussed values of 
10 to 15 times normal. For example, on a 13-mile section of 
66-kv. line in Kansas utilizing the impulse insulation strength of 
7 ft. of pole, values of the order of 1800 kv. or 35 times normal 
were recorded four or five times in 1929. 

It is hoped that with another year’s experience on these lines 
and others which have been constructed, that enough will have 
been learned about wood as insulation and its protection to use 
it intelligently, though it may not be possible to estimate with 
any degree of accuracy the relative value of such increased im¬ 
pulse insulation as reflected by improvement to service. 

In comparing the data given by Mr. Torok with that in the 
paper by the speaker, which was presented at the Pacific Coast 
Convention, it will be noted that spark-over voltage values for 
time lags of between one and two microseconds compare quite 
closely with the values obtained on a variety of samples of wood 
under various conditions of moisture and contamination for tail 
of wave flashover using the so-called Pittsfield 20-microsecond 
test wave. 

Regarding many of the data contained in the other papers, 
I wish to enter a plea that lightning voltages be expressed in 
actual kilovolts rather than times normal. It might also be 
emphasized that unless the recorder was at the point of origin 
of the surge and unless spark-over did not occur, the reading 
obtained is not necessarily a record of the maximum voltage 
appearing on the line for a given lightning discharge. Whenever 
insulator spark-over does occur the reading is really a measure of 
the strength of the insulation to lightning voltages. It therefore 
follows that the curve between frequency of occurrence and 
magnitude of lightning voltages cannot be plotted with any 
degree of confidence on account of the limited ranges of insula¬ 
tion and instruments used in recording the voltages. 

H. B. Vincent: We have been hearing a lot about direct 
strokes. Mr. Forteseue said there was no controversy. So 
that there will be no confusion in some of our minds I should 
suggest that various authors using that word give us’ a definition. 

H. K. SeIs: In summarizing the results that have been ob¬ 
tained to date at the several field lightning observation stations 
it might be well to consider the knowledge which is needed to 
develop the maximum ability of transmission systems to with¬ 
stand lightning. The three phases of the problem as stated by 
Messrs. Cox and Beck should be restated to include another 
important factor, the characteristics of lightning storms. Broadly 
speaking the three fields which must be covered are: 

I. The mechanism of lightning and its influence on a trans¬ 
mission systeiii whether by conduction, induction, or both. 

2. The characteristics of the greatest electrical forces which 
may be imposed on transmission systems and the behavior of 
such forces on the system. 

3. Remedial measures which may be used to protect, relieve, 
or withstand these forces without interruption to service and 
damage to the system. 

About four years ago there was proposed a research committee 
between a group of operating companies and manufacturers. 
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similar to that now existing in Germany but unfortunately it was 
not organized. As a result and with some duplication several 
independent investigations have been initiated and while con¬ 
siderable knowledge regarding the characteristic wave forms and 
propagation of lightning surges on a few existing lines has been 
gained, many of the fundamental ideas are purely speculative and 
theoretical. Actual knowledge therefore appears limited to a 
relatively few isolated and specific cases and so it is felt that 
coordination of the investigations has not been of the best. 
A certain amount of duplication may be excusable to bring out 
all the facts. 

Up until the past year practically nothing had been done 
to investigate the mechanism of a cloud discharge except for a few 
simple mechanical observations with rotating or swinging 
cameras. Even this simple means shows that a cloud discharge 
may be composed of several lightning flashes occurring for periods 
up to 0.6 second or more. During the past year greater activity 
has been evidenced in studying storm movements and character¬ 
istics by a systematic recording of weather data in one local area, 
installation of electrostatic devices for measuring field intensity, 
and rate of field change and direct stroke recorders. These 
investigations show that lightning storms are extremely local, 
tha t several individual storms may be in progress over a line at 
one time and that the present practise of using less than 100 
microsecond sweep circuits on oscillographs will register only a 
small part of the phenomenon. Therefore, a great deal more 
remains to be done to improve the technique and give a complete 
record. It has been suggested that more attention be paid to 
both electrostatic and electromagnetic fields, particularly their 
directions, intensity, and rates of change correlated with the 
location of the lightning discharges. What happens below the 
ground pl an e should not be neglected. A sufficient number of 
stations should be used to determine the distribution of these 
various factors giving a complete picture of the magnitude, rate, 
and extent of a cloud discharge. Practically nothing is known of 
the sphere of influence of the main stroke and whether lightning 
is conducted upon the transmission line by the main or a branch 
stroke or is induced. At present many favor the conduction 
theory but the data are not conclusive and the deduction may be 
wrong when applied to all cases. The mechanism of the light¬ 
ning getting on the line should be determined, particularly when 
ground wires are used. In this connection a simple device is 
needed to record flashovers differentiating if possible between 
surge and power current as the correlating of flashover, surge 
voltage, and trip-out records has been very difficult and doubtful. 

Next to knowing how the lightning gets on the transmission 
line comes the measuring of its characteristics. The key of this 
situation seems to be to locate the field observation station so that 
the lightning can be measured and observed at the point where it 
strikes the line. After the surge gets on the line comes the ability 
of the line to hold and propagate the wave. It has been shown 
that the behavior of a surge on the system can be studied in the 
laboratory or the field with artificial surges, particularly after the 
characteristics of the lightning discharges have been determined. 
Volumes of surge voltage recorder data have been collected and 
oscillograph records of waves are becoming common but at 
present the characteristics of the greatest electrical forces that 
can be imposed upon the system is not known at its source. 
This is partly due to the location of the measuring instrument 
but also to the shortcomings of the potentiometer coupling de¬ 
vices and shielding of recorder leads. Mention is made in the 
papers of questionable recorder operation due to stray fields, 
corona, or leakage currents so that some part of the data at the 
higher voltages may be misleading. It is imperative that im¬ 
proved methods and technique be developed to eliminate existing 
discrepancies as the most accurate instrument in the world is 
worthlessjwith an uncontrollable multiplying ratio. 

Various remedial measures may be applied to the transmission 
system to improve its performance. The method of using arti¬ 


ficial surges in studying the characteristics of different’transmis¬ 
sion line and apparatus designs has been successfully demon¬ 
strated. On this account there has been considerable agitation 
for the adoption of standard test surges based on the meager 
data now available. . There is also considerable controversy as 
to whether system insulation fails on the front or tail of a wave. 
W ha tever assumptions are adopted it should be recognized that 
they should be used as such for uniformity of tests and they may 
be changed annually to conform with each year’s developments. 
In the last analysis whatever remedial measures such as ground 
wires, counterpoises, routing of lines around storm centers or 
paths, additional insulation, arcing and protective devices, 
improved grounding, line type arresters, etc., are adopted as the 
result of field or laboratory tests, the actual performance over a 
period of years should be carefully recorded and considered the 
final criterion. What the operating engineer ultimately desires 
in this problem is sufficient design data so that he can survey 
the storm and physical characteristics of the territory to be 
covered and design a system to give a predetermined service in 
the most economical manner. 

In conclusion the authors and companies represented deserve 
every credit for the initiative and thoroughness in conducting 
this season’s investigation which under the program outlined 
here may take several more years to complete satisfactorily. 

A. H. Schirmer i A rapid review of the papers indicates that 
many of the conclusions of past years will have to be revised in 
order to bring them in agreement with the more complete data 
now available. 

It may be of interest to outline briefly some of the lightning 
investigations which have been carried out on telephone lines. 
In the past, the surge recorders principally used were two- 
electrode machines with stationary plates and a number of four- 
electrode machines using a slow moving film. With these 
recorders we could not be certain after an electrical storm 
whether the figures were the result of a single stroke of light¬ 
ning or whether they were the composite effect of several 
strokes. 

In order to overcome these difficulties, a surge recorder was 
designed early in 1929, which employed a motion picture film 
which could be made to pass under an electrode at a relatively 
high speed so that individual figures could be obtained for each 
lightning flash. In order to permit direct comparison, bolwoon 
films from different recorders, all films were started and stopped 
simultaneously by means of relays operatod on a (common) 
telephone circuit. In order to prevent flashover at the electrode, 
the dielectric was made considerably wider than the film. The 
film was driven by 24-volt motor operated by two 12-volt storage 
batteries. 

As originally designed, the film speed was 5 ft. per minute. 
Later on this speed was reduced to 2 ft. per minute. As the film 
magazines have a capacity of 200 ft., each surge recorder could 
be kept in operation for at least an hour and a half. 

Six of these new type surge recorders were connected to an¬ 
tennas erected at right angles to a telephone line in Western 
Maryland. Each antenna was 135 ft. long and approximately 
20 ft. above the ground. These antennas were located at inter¬ 
vals of one and a half miles. The purpose of the test was to 
obtain an indication of the area affected by an individual light¬ 
ning stroke. The recorders were in service during 14 storms in 
that location. A number of these storms did not give any figures 
on the film. The interesting feature, however, is that in no 
storm did a single stroke of lightning give a figure on more than 
one surge recorder although several of them showed figures from 
a single storm. 

It is planned to construct several more of these new type 
surge recorders and to continue the tests on antennas and also 
to make tests on various types of telephone plant to determine 
the magnitude and attenuation of lightning surges. 

E. W. Boehnes (communicated after adjournment) In 
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several of tho papers presented considerable interest was shown in 
the use of a conductor imbedded in the ground betweon tower 
footings. The exact function of sueli a counterpoise iu rodueing 
lino ilashovors is not known; however, wo have two interesting 
facts on record which, it is believed, will help our understanding 
of this new protective agent. 

We learn from a reliable operating company who preserves 
an accurate record of their line flashovers, that a section of one of 
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their Oti-kv. lines which parallels a railroad has had only a very 
few flashovers in a period of several years, whereas a section of 
this same transmission line which is not near the railroad suffered 
many times as much grief in the? same period. On measuring 
tho tower footing resistances it was found that the average re¬ 
sistance of the section near the railroad was 4 ohms in contrast 
with an average resistance of 25 ohms in the section remote from 
the rails. The line in question was equipped with ground wires. 

A similar ease is on record in which one of the 220-lev. lines in 
the East which parallels a large river has never had a ilashover. 

The action of the steed rails and the river in the above examples 
is believed to Is? a counterpoise action. They both reduce the 
tower footing resistances enabling the ground wires to lx? closer to 
ground potential. A second advantage is that they undoubtedly 


actual records of lightn iug surges. On investigating these records 
one will find many oddly shaped waves, some with reversed 
polarity, (Figs. 9 and 10 of Mr. Smol off’s paper) others with two 
unidirectional humps in the same wave. 
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raise the effective ground plane, increasing the capacity of the 
conduct ors to ground. 

It is the firm belief of the writer that similar cases arc on record 
which have never been investigated. Additional information 
would be valuable in building up our knowledge concerning this 
phenomenon, and the writer wishes to take the initiative in re¬ 
questing that any data similar to tho above mentioned cases if 
sent to Institute Headquarters will be duly appreciated. 

The last lightning season has boon particularly fruitful in 


Fig. 15 



Fig. 10 


It is the purpose\>f ’this brief discussion to suggest three possi¬ 
ble ways to account for these qtioerly shaped waves. 

The first and most probable explanation is that they have 
their origin, both of magnitude and shape, in the lightning dis- 
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charge. We have all observed lightning flashes between clouds 
without observing a simultaneous discharge to ground. Such a 
discharge, an example of which is shown in Fig. 12, must be due 
to the presence of both positively and negatively charged clouds 
in the atmosphere. Consider the case of Fig. 13. Here the 
presence of the positively and negatively charged clouds produced 
a bound charge of reversed polarity on the conductor. When 
the discharge between the clouds takes place a traveling wave of 
half this magnitude travels in both directions on the line. 



Fig. 17 


Figs. 14 and 15 show two pictures of lightning discharges, the 
latter being taken in Japan. These show that the lightning 
phenomenon is not always a simple discharge. Consider, how¬ 
ever, the simple case of Fig. 16 in which two positively charged 
clouds discharge either separately or in series to ground. 

In a similar fashion the bound charge is released and in this 
case gives rise to unidirectional waves having two peaks. 

In Fig. 17 is shown a single bound charge which originated 
near a line terminal. Here, on the release of the charge the 



Transmitted Wave Several Mi/ea Later 



Fig. 18 


waves disburse in both directions. However, the wave traveling 
to the left is immediately reflected, depending upon the terminal 
impedance. In this way we can account for all the types of 
waves recorded. 

A third way to account for waves with double peaks is by an 
insulator flashover. It is demonstrated in Fig. 10 of Mr. Smel- 
off’s paper as well as in another example mentioned by Mr. C. L. 
Fortescue, that the resistance of such an arc is not always zero. 
Assuming, therefore, that a large wave originates on the line, 
Fig. 18, and that a flashover occurs having a definite resistance, 
this resistance to ground will form a transfer impedance allowing 
a portion of the remainder of the wave to pass the arc. The 
evolution of such a wave is shown in Fig. 18. These voltages 
are undoubtedly strengthened by induced waves from traveling 
waves on conductors which did nofc discharge. 


J. K. Hodnette: (communicated after adjournment) The 
field investigation of lightning reported in the symposium on 
lightning investigations has shown with engineering precision the 
shape of surges existing on transmission lines, both with respect 
to the front or rate of rise and the duration or length of tail, and 
the magnitudes resulting from natural lightning. This informa¬ 
tion is invaluable in making laboratory tests, since with it the 
conditions experienced in service can be simulated in the labora¬ 
tory and the performance of apparatus determined under practi¬ 
cal conditions. This reflects immediately in the tests on 
transmission line insulation as the line and substation structure 
are most susceptible to lightning strokes and their insulation is 
relied upon to l imi t, the surge voltage on the system.^ By assum¬ 
ing the worst conditions for a particular case as indicated by the 
field tests, the safe performance of insulation can be predeter¬ 
mined from laboratory tests as Mr. Torok has demonstrated for 
line insulation using a steep front and long tail surge. 

Of no less importance is the effect on the study of substation 
apparatus and particularly transformers which comprise the most 
valuable substation apparatus subject to line surges. It is 
essential here to coordinate and correlate field investigations and 
laboratory tests on transmission line insulation with the tests 
on the terminal apparatus, because the surges impinging upon 
the latter are derived from those existing on the line. An 
investigation of this nature was made last year and reported in a 
paper before the Institute under the title The Effect of Surges on 
Transformer Windings . In this paper it was predicted that the 
maximum voltages expected from lightning were 14 to 15 times 
normal and of short duration and the longest lightning wavos 
were in the order of or less than 60 microseconds to half value. 
It is a pleasure to have these statements in my paper confirmed 
as to the magnitude and duration of lightning surges and that, 
therefore, the magnitude of the voltages resulting from them 
within the transformer winding will be of the order previously 
estimated. This further indicates that modern transformer 
design can progress along sane and logical lines, in step with our 
increased knowledge of the stresses to be encountered. 

E. J. Amber^: One phase which has not been mentioned in 
either the paper or the discussions is the collection and systematic 
recording and analysis of statistical data by individual power 
companies in regard to frequency and general movement of 
lightning storms and also data in regard to line outages and 
insulator flashovers due to lightning. As far as the latter are 
concerned, most companies keep some kind of a record and I am 
sure that with very little additional work such records could be 
put in a form in which they will be very valuable later on. 

With the progress which has been made in the last two years in 
lightning investigations, it is quite evident that within a few 
years concrete recommendations can be made for the construction 
and operation of lines which will be practically lightning proof. 

The important question then will be to what extent can these 
recommendations be applied economically to new and existing 
lines, and in order to obtain the greatest benefits for the smallest 
amount of money it will be necessary to have reliable statistical 
data as to lightning storms in general and as to performance of 
existing lines during lightning storms. 

As far as new lines are concerned, many of the recommenda¬ 
tions for a lightning proof line can be incorporated in the original 
design at little extra expense; whether such new lines should be 
made lightning proof for the entire distance will depend entirely 
on service requirements. 

When it comes to improving conditions on existing lines, the 
problem will be more difficult because the necessary changes will 
nearly always be expensive. Economic consideration will make 
it necessary in most cases to confine reconstruction for lightning 
protection to short sections of the line. 

C. A. Jordan: The results of the 1929 lightning investiga¬ 
tions have materially advanced understanding of lightning 
surges and wave propagation on aerial transmission circuits. 
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In fact, it seems apparent that the progress last year in this 
branch of study, at least, has been greater than in any previous 
year. Particularly encouraging is the excellent agreement in the 
findings of different groups of investigators employing artificial 
surge generators to study the various factors governing the 
propagation of traveling surges. While the advance in knowl¬ 
edge of lightning itself has been less satisfactory, the new instru¬ 
ments and technique which have been and are being developed 
offer promise that in relatively few years enough additional 
information will have been secured from field studies of natural 
lightning to make lightning control merely an economic problem. 

The measurements at Croton Dam, Michigan, indicate that 
the transient impedance of tower footings may be of the order of 
67 per cent of the steady state impedance. At Stillwater, New 
Jersey, other investigators using a different method found that 
transient impedance of towers and footings combined exceeded 
the steady state impedance by 90 to 187 per cent. The presump¬ 
tion is that this difference in results is due, at least in part, to 
tower impedance. In view of the fact that most power com¬ 
panies are limited to steady state methods in measuring tower 
footing impedance, and can make no determination of tower 
impedance, it is important that the relation between transient 
and steady state values of footing impedance be established 
clearly. 

While on this subject, it may be well to point out that while 
tower footing impedance undoubtedly has a very important 
influence on what happens when towers or ground wires intercept 
a direct stroke, if the dimensions of the intercepting metallic 
path are great enough to contain one-half the front of the result¬ 
ing surge, the metallic path will exhibit characteristic surge 
impedance to the lightning discharge. In this case, the im¬ 
pedance of the nearest grounding point or tower footing will have 
no effect on the crest value of potential to ground which will 
occur. Thus, if on a transmission line equipped with ground 
wires and having an average span length of 1000 ft., lightning 
struck a ground wire in the middle of a span and the discharge 
current rose to its maximum value in one microsecond or less, the 
potential from ground wire to earth at the point of contact of the 
stroke would become 0.5 iZ 0 before the effects of low impedance 
at the neighboring towers could become apparentl 

It is hoped that during 1930 it will be possible for the various 
investigators to gage more closely the lightning discharge cur¬ 
rents which may occur and their rates of change with time. 
I believe these two factors, together with the coupling between 
ground wires and line conductors (about which the Stillwater 
and Michigan investigations furnished some information), 
contain in large measure the key to the question of whether light¬ 
ning-proof lines are economically feasible. 

I have some difficulty in reconciling the theory on the second 
ground wire effect outlined in the McEachron, Hemstreet, and 
Rudge paper with the results of the coupling measurements at 
Stillwater, New Jersey. This theory is based on the assumption 
that a traveling wave in one wire will induce a traveling wave of 
opposite polarity in an adjacent wire, whereas the Stillwater 
measurements show that the original and induced waves have 
the same polarity. In measuring surge potentials with sphere- 
gaps as was done in Michigan, it is of course not. possible to 
determine polarity. However, the accuracy of the numerical 
results should not be affected. If this is the case, the informa¬ 
tion obtained in Michigan regarding the effects of ground wires on 
free traveling waves indicates that some of our previous concep¬ 
tions were incorrect, and offers considerable food for thought in 
connection with the installation of discontinuous ground wires 
adjacent to terminal stations. 

While progress in the studies of natural lightning has of neces¬ 
sity been slower, the various groups have been fortunate in ob¬ 
taining a number of oscillograms of lightning surges. Although, 
due to the limitations of line insulation, it does not seem probable 
that the extreme lightning potentials can be recorded on trans¬ 
mission lines of existing types, these oscillograms represent an 


encouraging start in the investigation of surges which may be 
imposed on terminal apparatus. 

However, all the present records are of surges which originated 
at some distance from the oscillographs. These surges were at 
lower voltage levels 4 than are known to have appeared on the 
respective circuits on which the oscillograms were recorded, and 
undoubtedly in their travel to the recording stations they were 
considerably modified in shape. There is every reason to believe, 
from the evidence at present available, that at the point of surge 
origin the amplitude and steepness may both be much greater 
than any recorded to date. I wish, therefore, to emphasize the 
note of caution expressed in the closing paragraphs of the Cox and 
Beck paper and in the preceding discussions. Present knowl¬ 
edge of possible lightning surge wave-shapes is too limited to 
make' it advisable at this time to standardize wave shape or 
shapes for testing insulators and apparatus. 

K. B. McEachron: (communicated after adjournment) 
The paper by Mr. Torok is, I feel, a very valuable contribution to 
the subject of flashover of insulation under impulse conditions. 
In approaching this subject, we have to distinguish between two 
very different conditions. One is the breakdown of insulation 
on the front of the wave, and the other is the breakdown on the 
tail of the wave. This wave tail may be nearly horizontal, or 
it may be sloping, which will, of course, give rise to somewhat 
different results. 

There can be no question that flashovers in practise do occur 
on the front of the wave, and therefore it seems to me that it is 
very desirable that a study of flashover of insulators be made on 
the front of the wave as well as on the tail. Work of this charac¬ 
ter was done as early as 1915 by Mr. Peek but should be repeated 
and extended now that the cathode ray oscillograph is available. 
Such a study was made for two and three suspension units, and 
for various ratings of pin type insulators, by Wade and Smith, 
and reported in the August 18 issue of the Electrical World for 
1928. These tests should be extended for still higher voltages 
so that the insulator flashover values on the front of the wave may 
be well established. In general, the agreement between the 
Wade and Smith results and those as shown by Torok, is quite 
satisfactory when it is remembered that one is based on the front 
of the wave breakdown and the other on the tail of the wave. 

On the first page of Mr.. Tor ole’s paper, he states that the time 
lag is measured from the point where the voltage first exceeds the 
60-cycle crest breakdown value. I do not agree that this is the 
proper point for measurement, for if breakdown occurs on the 
front of the wave a certain amount of confusion is likely to arise. 
For instance, with a rise of voltage equivalent to the 60-cycle 
rate of rise, the time lag will be zero, whereas with an i nfini tely 
steep wave the time lag will also be zero, which gives an unfor¬ 
tunate relationship and does not express very accurately what is 
meant by the term “time lag.” It seems to me that this con¬ 
fusion can be avoided by not using the word “time lag” at all, 
but instead refer to “time to breakdown,” in which case the 
time is always measured from the beginning of the wave rather 
than from some arbitrarily established flashover value. Further¬ 
more, the 60-cycle flashover value of insulation is not a fixed 
quantity. It depends upon a variety of conditions, such as 
humidity, etc., whereas the impulse flashover is less dependent 
upon such factors. The 60-cyele flashover value in the case of 
insulators which have different shaped terminals such as pin type 
insulators, depends on polarity which introduces a variation in 
the basis for determining the beginning of the time measurement 
if the 60-cyele flashover potential is used. 

I would like to propose that a method of referring to waves 
be established, in which the time to reach crest voltage and the 
time to reach half value, be stated. For instance, a 5-60 wave 
would be a wave which rises to its crest value in 5 microseconds, 
and decays to half value in 60 microseconds—in each case time 
being measured from the beginning of the wave. If the crest 
voltage is stated in kilovolts, the wave is pretty well defined by 
such a characterization. This method, of course, assumed a 
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straight line rise and a straight line decay when, as a matter of 
fact, both of these may be exponential or some other form, but at 
least it gives an average measure of the. front and the tail and the 
crest value, which are the three factors in which we are most 
interested. Such a designation would avoid much of the con¬ 
fusion which now exists. 

It is gratifying to note that the results obtained by Messrs. 
Conwell and Portescue check so well with those we have obtained 
ourselves in Michigan. 

In Fig. 5 of their paper, an oscillogram is shown giving the 
effect on wave form of the travel of an impulse along the line. 

1 should like to ask the authors if they have any explanation for 
the change of wave shape as the wave passes along the line. 
One gets the impression from reading the paper that this wave 
shape change is due to the action of corona. 

In Fig. 11 of the paper by Messrs. Smeloff and Price, is shown 
an oscillogram which was taken at the time the line was not 
energized, and shows the flashover of an insulator on the front 
of the wave in about 36 microseconds. Since this is “front of the 
wave flashover,” the flashover potential should not be far from 
the 60-cycle flashover value based on the cathode ray oscillo¬ 
graph studies of Wade and Smith. In Table II this surge is 
shown as having a value of 1360 kv. at or near the point of in¬ 
ception. This represents an impulse ratio of about 1.2 above the 
60-cycle flashover value of the line insulation. This oscillogram 
is very interesting as it does give fair agreement with the labora¬ 
tory results of insulator flashover on the front of the wave. 

In the investigation in the paper by Messrs. Sporn and Lloyd 
among other data, some information was secured concerning the 
performance of lightning arresters. The current through one 
leg of the arrester was measured, and also the voltage across the 
arrester. In the discussion, the following statement appears, 
“The data in Table IV show that the lightning arrester, in the 
case of switching surges has discharged a current of 226 amperes 
per leg at 450 kv. Since it is known that switching surges 
do not exceed some 550 kv. on these lines, there are no definite 
data to show that the arrester has held the voltage down appre¬ 
ciably on switching surges.” It is interesting to point out in 
this connection that whenever a lightning arrester draws cur¬ 
rent from a transmission line, the voltage is necessarily reduced 
by the action of the surge impedance of the line. It is true that 
in arrester operation it is necessary frequently to distinguish 
between breakdown and I R drop through the arrester. How¬ 
ever, it is worth while to find out what the voltage reduction 
would be as a result of drawing a current of 226 amperes. The 
authors have not stated whether these results come from the end 
of the line or from an arrester located at a junction point on the 
line. It is therefore necessary to distinguish the two cases. 

The first case is for the arrester at the end of the line. The 
equation for this condition is: 

2 Ei — Ea Z I a 

When E a is the potential across the arrester, Ei is the poten¬ 
tial of the traveling wave on the line which is half that at the end 
of the line with no arrester. l a is the current through the ar¬ 
rester, while Z is the surge impedance of the transmission line. 
Using 226 amperes for J a , 500 ohms for Z, and 450 kv. for E a , 

2 Ei becomes 560 kv. This shows a reduction of 113 kv. as 
the result of arrester operation. 

For the second case in which the arrester is tapped to a trans¬ 
mission line, the equation is: 

2 Ex * 2 E a + Z I a 

Using the same figures as in the previous substitution, we 
arrive at a value of 506 kv. for the voltage of the traveling wave, 
which voltage has been reduced to 450. kv. by the opera¬ 
tion of the arrester. It is interesting to note that 450 kv., 
which is the voltage measured across the arrester during the dis¬ 
charge, is slightly less than 2.5 times the arrester rating. Refer¬ 
ring to the two papers presented earlier at this convention deal¬ 
ing with lightning arresters entitled Development of the New 
Auto-Valve Arrester , by Messrs. Slepian, Tanberg, and Krause, 


and Thyrite—A New Material for Lightning Arresters, by K. B. 
McEachron, it will be found that a voltage of 2.5 times normal is 
a very satisfactory voltage for the arrester to go into operation, 
and is about as good as can be expected at the present time. 

A. O. Austins The fact that lightning strikes near the line 
without producing a serious disturbance does not necessarily 
prove that a transmission line will not be subject to flashover due 
to induced surges. If there is a cloud-to-cloud discharge, the 
resulting low resistance path may permit a final discharge to 
ground at relatively low gradients. If this assumption is cor¬ 
rect; a lightning discharge could take place near the line without 
necessarily inducing a high potential on the line. Conversely 
there are some conditions where the gradient was such that a 
discharge could be obtained from a metal point held up in the air. 
On one occasion, the brush over a mountain side has been seen to 
discharge. Certainly the gradients in these cases were very 
high and a lightning stroke in the vicinity of the line would 
produce a high voltage on a transmission line in the field. Ap¬ 
parently there is no question but that a direct stroke is likely to 
be far more severe than an induced one, particularly where a 
negative charge is placed on the conductor. 

While the general theory of the ground wire in lowering maxi¬ 
mum voltage through increase in the effective capacitance of the 
power conductors has been generally accepted, it would seem 
that the energy dissipating properties of the ground wire should 
be given more attention. This is particularly true where it is 
desired to protect the station equipment and for the application 
to very long lines where it may be desired to dampen out a dis¬ 
turbance which might otherwise cause an arc to ground over 
reduced insulation sections. There is probably some ground 
resistance which will produce the maximum attenuation. In 
considering the effect of ground resistances, it is essential 
that the varying height of the conductor be taken into account 
at the same time. A high ground resistance may not be a disad¬ 
vantage, but if the effective height of the conductor is increased 
with the high ground resistance, a higher effective voltage may 
result. With a high effective ground resistance the potential of 
the tower may be raised by the charge from the ground wire, 
causing the ground wire to act as a counter potential wire, 
thereby permitting the maximum voltage across the insulators. 

J, H. Cox: The mechanism of the production of surges by 
lightning on transmission lines, that is whether produced by 
induction or direct hits, has been mentioned either directly or 
indirectly in a number, of papers at this meeting. I wish to 
emphasize the importance of this question as it has a vital 
bearing on the methods used to protect lines against lightning 
phenomena. In the past the opinion was quite general that 
practically all troublesome lightning surges were the result of in¬ 
duction and were more or less amenable to protection, and that the 
few direct strokes which occurred were so severe that they were 
entirely beyond control. This opinion is still somewhat preva¬ 
lent. If this is true the natural conclusion is that any protection 
accomplished is only relative and that the idea of a lightning- 
proof line is hopeless since we will always have direct hits with us. 

I do not wish *to be understood as stating this to be an es¬ 
tablished fact, since the data are far from conclusive and it is 
possible that this belief may have to be reversed, but a number of 
factors brought out by both test and analytical work in investi¬ 
gation of lightning phenomena has led the group with which I 
have been working to believe that there is no sound foundation 
for the above opinions and that the only lightning surges which 
are high enough to give trouble on high-voltage lines are caused 
by direct strokes. Furthermore, we believe that many methods 
of protection which are or may be employed at the present time 
are quite effective in keeping all but the most severe direct strokes 
within a safe value. Fortunately most of the methods used to 
protect against direct strokes are also effective against induced 
strokes if such exist. 

I will not take up the space to discuss in detail the factors 
which have led us to the conclusion that all important surges on 
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high-voltage lines are the result of direct strokos but will merely 
state the factors as follows: (1) our present knowledge of rate of 
growth of streamers in relation to tho speeds necessary to cause 
largo induced stroke surges; (2) a consideration of the differences 
between the energies involved in induced and direct strokes; 
(3) klydonograph data which showed the small number of surges 
occurring; and (4) observations in held tests where strokes 
striking the earth very near the lino woro found to cause no 
surges. Incidentally Simpson in England and Matthias in 
Germany working on this phenomenon have independently oomo 
to the same conclusions. 

Direct stroke surges vary from very woak to the very destructive 
transients sometimes observed. Therefore, if all important surges 
are caused by direct hits and since protective measures now being 
employed protect against tho majority of those, protection be¬ 
comes only a matter of degree and certain measures may need 
only some modification to mako them completely effective. 
With this conception the problem of a lightning-proof lino does 
not seem hopeless. It should be stated hero that actual observa¬ 
tions are of great value in tho determination of this problem 
and the operating engineers being in a particularly favorable 
position to supply this data could contribute materially by 
reporting such cases as they happen to observe. However, 
caution should be exercised in reporting observations as it is 
very easy to draw false conclusions and to appear to see things in 
lightning phenomena which actually do not happen. 

Regarding the wave-fronts as reported in some of tho papers, 1 
believe (hat many of these are misleading as well as some of tho 
conclusions drawn from tho data as presented. For instance, 
several of the papers present tables of wave-fronts varying in 
time to reach maximum value from as short as zero to one 
microsecond. It is true those have been indicated as approxi¬ 
mate values hut 1 foul that it is misleading to state them at all 
when they are the result of pure guess work. As a striking 
example lake that in tho Spurn and Lloyd paper where the time 
to 75 per cent is given as 0.2 microsecond and to maximum value 
as one microsecond. When those values are compared with the 
oscillograms shown in Fig. 10, which we rnay assume woro tho 
best obtained, it would seem that considerable courage is required 
to measure times of this order from tho blot shown at the begin¬ 
ning of these oscillograms. In this connection the time of wave¬ 
front is still considerable of an unknown factor. Complete 
oscillograms have been obtained and wave-fronts of the order of 
one microsecond have been obtained; however,.it must be ad¬ 
mitted that the exact location of these strokes was not known 
and that it is probable that a surge has not been recorded at the 
point of inception. It also seems quite probable that wave- 
fronts of the original surge may be considerably steeper than any 
of those recorded and the maximum values considerably grottier. 
There is great need for records of surges tit the point of incep¬ 
tion anti on a lint? of insulation value above the maximum surge 
voltage. 

It should he mentioned here that oscillograms of surges on 
linos, even though they may bo of induced origin, are not mea¬ 
sures of cloud field gradients duo to the time lag of the stroke and 
the opportunity for redistribution of the bound charge on the line. 
This is evident from the great difference in the ease of obtaining 
oscillograms on antenna and on lines. 

Regarding the attenuation of traveling waves on lines wo are 
glad to note that Mr. McEachrun’s data agree with ours and 
indicate that attentuation is decreased with a larger number of 
wires. This also chocks theoretical considerations which in this 
case, are based on known factors. It is to bo noted that the data 
given in the Hporn and Lloyd paper indicate the reverso and that 
attenuation is least rapid on only one conductor. The data in 
this case were obtained by means of tho klydonograph and the 
curves drawn mean very little as the points given are too scat¬ 
tered. The principal conclusion to bo drawn from these latter 
curves is that the klydonograph is not a sufficiently accurate 
instrument for this kind of measurement. 


In the paper by Messrs. McEachron, Ilomstreet, and Iludge 
data were preseutod which show that on a particular line 
equipped with ground wires attoriuation was less rapid than on a 
lino without ground wires. In a paper of which I was an author, 
published in tho Electrical World about a year ago, from theoreti¬ 
cal considerations the opposite conclusion was stated. However 
tho two compensating offects mentioned by Mr. McEachron 
were pointed out and it is possible that with different configura¬ 
tions the balanco might be the reverse from Mr. MeEachron’s 
case. In either case the difference is not large and even if it 
were it is of no great importance in transmission, line j) erf or in¬ 
ane e. This is because if a surge is high enough to flash over tho 
line insulation it will do so at the point of origin and after a 
flashovor is produced the only importance of tho rate of atfconua- 
tion is tho magnitude of the surge which might be impressed 
upon terminal apparatus. In this connection it is felt that the 
last sentence states tho important part of Mr. McEaehron’s 
conclusion 7, in that the value of additional ground wires near 
the station is because of the protection they afford against 
surges originating at that point and I definitely fool that from 
this standpoint they are moro than justified since their cost is low 
and wo are always in danger of a stroke at that point. There 
can be no question regarding the desirability of continuing the 
line ground wires into tho station structure. 

J* H. Cox and Edward Becks Mr. Sols has presented a com¬ 
prehensive outline of tho lightning problem in general, particularly 
that part still remaining unsolved, and pointed out the breadth 
of scope of tho program necessary. Air. Itopor has mentioned 
the value of cooperative and coordinativo effort so far as it has 
boon accomplished iri his particular lightning problem and has 
indicated that such collective effort is tho shortest path to 
results. On various occasions in the past we have expressed 
the desirability of a comprehensive cooperative program and we 
feel that there is still need for such a program and that it would 
greatly accelerate the final solution of the problem. 

Mr. Silver lias pointed out that the recorded waves as reported in 
this symposium were probably all recorded at some distance from 
their origin and that this voltage is relatively unimportant since 
if a flashovor occurs as a result of a lightning surge it does so at 
the point of origin whero the voltage is obviously the maximum. 
This point is well taken and for this reason, as well as the deter¬ 
mination of the fundamental nature of lightning, it is desirable 
to obtain records at the origin. However, apart from their 
importance as causes of line fiashover and their indication as to 
the nature of lightning surges, records obtained at points distant 
from the origin are valuable because they give data on the 
voltagos to which station apparatus may be subjected. 

Mr. Rowley has presented, ari interesting discussion of tho 
mechanism of cloud discharge which contains theories which may 
prove useful. However, we believe that further amplification 
would be desirable since part of his theory is no t quite clear to us. 
For instance, Mr. Bewley states that during the incipient period 
of tho cloud discharge there is a migration of tho charge towards 
the center of disturbance. Mr. Bewley’s idea of the incipient 
period does not seem clear since there can be no migration of 
distant charges without a change in field to cause such migration. 
Such change in field would be caused only by the removal of 
charge from cloud to earth in the lightning stroke and to be 
appreciable surely must involve a considerable part of the dis¬ 
charge. All of Mr. Bewley’s discussion pertains to induced 
Btroke surgos and although according to his calculation such 
surges may reach appreciable proportions we disagree with the 
conclusions reached. In the near future Mr. Fortescue will 
present a mathematical analysis of the induced stroke which we 
believe will be conclusive proof that high induced voltages are 
improbablo. 

Tn connection with Mr. Peek's comments, tests on models 
in the laboratory indicate only approximately the protective 
ratio of ground wires since the difference in size of certain ele¬ 
ments cannot be corrected for. Also, potentials measured on 



946 


LIGHTNING INVESTIGATIONS 


Transactions A. I. E. E. 


antennas in the field are not indicative of the surges which would 
be induced on transmission lines unless such antennas are con¬ 
nected to ground at their terminals with resistances equal to the 
antenna surge impedance. 

I cannot agree with Mr. Peek's statement that if the insulator 
flashes over at all it is likely to occur on the front of the wave, 
since from the point of view of line flashover the minimum wave 
which just flashes over the insulator is the most important and 
for such waves the flashover undoubtedly occurs on the tail of the 
wave. Furthermore, Mr. Peek still mentions impulse ratios for 
lightning waves of 1.6 to 1.9 and again, except for the magnitude 
of the chopped wave which enters the station, the important 
waves are those which just flash over and, as shown conclusively 
in Mr. Torok’s paper, such waves have an impulse ratio of the 
order of 1.2. 

Mr. Boehne discusses the nature of surges induced by cloud 
to cloud discharges. In this connection the operators of the 
lightning laboratories in the field have frequently observed 
intense cloud to cloud lightning activity immediately above the 
station, both parallel to the line and at right angles to the line, 
but have never recorded an overvoltage as a result of such 
activity. 

J. J. Toroks Mr. Wade has questioned the results shown in 
Fig. 17 of my paper. The apparatus used in making this test was 
the same as that in all the other impulse tests and a very careful 
calibration was made of all parts. It is believed that this cali¬ 
bration is quite accurate and therefore that the curves show the 
actual characteristics of the sphere-gaps tested. I do not see 
that these curves are contrary to expectation since it is known 
that the characteristics of sphere-gaps change between close 
spacings at which they are ordinarily used and long spacings of 
several times their diameter such as used for the upper curves. 

Mr. Peek has criticized the wave used in the tests presented in 
my paper. This wave was as nearly flat-topped as it was pos¬ 
sible to obtain with laboratory equipment and without oscilla¬ 
tions. It is felt that the deviation from a true rectangular wave 
is not sufficient to modify the results materially except at the 
short time lags and these are of the least importance in connec¬ 
tion with their application. Mr. Peek states that the wave 
used should give an impulse ratio of 1.9 but gives no reason and I 
see none. He also states that the results of a flat-topped wave 
are little different from those caused by a 60-cycle arc-over. It is 
quite obvious from the curves presented that this is not the case 
and that any desired impulse ratio can be obtained by varying 
the magnitude of the impressed wave. Regarding the results 
obtained with arcing rings, the tests do not show that the hoop 
type of ring is necessarily better but that it is sufficiently ade¬ 
quate for the usual line and that the larger, and better, ring, is 
not economically justified. 

In connection with Mr. Melvin's comments, all measure¬ 
ments made in this work were taken with the cathode-ray 
oscillograph. I do not believe that the shape of the curves for 
wood insulation were the result of lightning generator limitations 
as this was not indicated by the oscillograms. 

Mr. McEachron comments that tests with the flat-topped 
wave which give only flashovers on the tail of the wave are in¬ 
complete, and that tests giving flashovers on the front of the 
wave are needed. Such tests would require a definition of the 
wave and introduce again the third variable and since un¬ 
doubtedly the flashover involves energy it is believed that flash- 
over on the front of a sloping wave can be readily predicted from 
curves obtained with the flat-topped wave. 

Mr. McEachron also comments on the limitation of these 
curves when carried to the 60-cycle crest breakdown value and 
states that the time lag at 60 cycles would be zero. This does 
not seem correct since the length of the 60-cycle wave is several 
thousand microseconds.and the time during which the voltage 
slightly exceeds the steady state breakdown is probably over 100 
microseconds. Also, I do not feel that the variability of the 60- 


cycle breakdown is very appreciable since the amount of this 
variation is not large when considered in connection with the 
accuracy possible in impulse tests. 

C. L. Fortescue: Mr. Rudge questioned the appropriateness 
of the term “surge impedance" as applied to tower and tower 
footing resistance, in the paper entitled The Lightning Laborer 
tory at Stillwater , New Jersey. In investigations of this charac¬ 
ter we must consider in what form the results will be most use¬ 
ful. It will be obvious that the actual wave propagation through 
the tower into the earth is quite a complex phenomenon, in¬ 
volving reflections at the tower footing and change of impedance 
in the tower from its top to tower footing. Formulas taking all 
these factors into account will be of very little use in estimating 
the protective value of ground wires against lightning strokes. 
The obvious solution therefore will be to obtain an equivalent 
surge impedance which will apply to the most extreme ease, 
that is to say, to waves having very steep front and long duration. 
The tests were made with a great deal of care, a resistance type 
potentiometer which has been verified very carefully in our 
laboratory, and the steepest wave-fronts and the longest wave 
which it was possible to obtain by the surge generator available 
being used. The results, we believe, will be fairly indicative 
of what may be expected in the case of a lightning stroke. 

I should like to state that throughout these tests we exercised 
the utmost care to verify our results and we found at first that 
test results using the ordinary type of capacitive potentiometer 
were inconsistent. We at once changed to the resistance type 
of potentiometer which, on account of the fact that this line was 
not energized, could be used. The results then obtained checked 
up with repeated measurements and were always consistent. 

It is pleasing to note that the data obtained by us on attenua¬ 
tion check up very well with those obtained by Mr. McEachron, 
by entirely different methods. 

Referring to Mr. Amberg's remarks on the economics of this 
situation I wish to assure him that throughout these investi¬ 
gations we have kept our feet on the ground and have not lost 
sight of the economic significance of the various protective 
factors we have discussed. Elsewhere in the discussion it is 
pointed out that a buried counterpoise is only effective for a 
short percentage of its length. This suggests at once that it 
may be more effective to run out radial feeders from the tower 
than to use a long counterpoise extending from tower to tower. 
Naturally, when driven grounds are effective they are preferable 
to buried cable or counterpoise and should be used but where it 
is impossible to drive a ground or where they are not effective 
I feel sure that some form of artificial ground such as buried 
cables extending radially from the tower may be made very 
effective and will prove economical. 

Considering now the practical results that will be derived 
from these lightning investigations I wish to point out that 
all the measures proposed might be classified as defensive mea¬ 
sures. We have three lines of defense. The first line of defense 
is the proper design and construction of transmission lines 
which includes such measures as liberal spacing between con¬ 
ductors, ground wires so placed that they will dissipate any stroke 
of lightning and prevent it from reaching the line wires, adequate 
spacing between the ground wires and conductors so that what¬ 
ever surge potential is produced on these ground wires as a result 
of the lightning stroke the spacing will be sufficient to prevent 
the stroke from extending down to the line wires, effective 
grounding of the tower footings so that the full value of the 
ground wires as a protection against strokes will be realized. 
By these means properly applied it is hoped that we will be able 
to obtain transmission lines practically immune to lightning; 
however, in case an exceptionally severe stroke should cause an 
outage we still have a second line of defense to fall back on. 

Other devices which have been considered are the spacing of 
lightning arresters at short intervals along the line and the 
placing of spillover gaps with fuses to interrupt the dynamic 
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arc at frequent intervals along the line. Whore flashovor takes 
place on an insulator string not provided with any device to 
blow out tile arc, quick-acting circuit breakers will prevent the 
outage from resulting in any instability provided the system is 
properly designed with respect to stability so that the quick- 
acting circuit breaker may be considered as one of the second 
lines of defense. ]f in addition t*o this we have combined with 
this quick-acting circuit breaker a quick-acting automatic 
roclosing device, we shall have gone a long way towards design¬ 
ing a model system. 

This second line of defense will consist of such measures as 
the use of properly designed arcing rings which will prevent 
ilashover, if it takes place, from cascading over the string and 
fracturing the insulators or puncturing them. Tims even though 
a Ilashover should take place the insulator string is still in perfect 
condition to perform its proper function. In addition we may 
have other means combined witli the arcing ring such as that dis¬ 
cussed by one of the previous speakers which, by means of a f use 
or other device, will prevent the continuation of the dynamic 
follow-up are and thus the line will dash over and come back into 
service without an outage. 

This third line of defense consists in careful design of the sys¬ 
tem taking all eonditions of stability into account. In other 
words, it is included under the heading of system designing which 
has Imon discussed in a previous session. The factors which 
determine the stability of a transmission system have been 
pretty well established so that there is little difficulty in deter¬ 
mining whether a system will stay in operation after a fault has 
occurred and has been cleared. The high-speed breaker lias 
been a tremendous step in advance in facilitating tho design of 
system which will be stable under fault conditions. Furthermore, 
it permits the use of higher levels on existing systems and enables 
the designer to make use of moans of obtaining economical 
power transmission over long distances, such as the Baum sys¬ 
tem. The Baum system heretofore has suffered from tho fact 
that with the slow speed breakers in vogue before tho advent 
of tlie high-speed breakers, the synchronous condensers required 
to maintain stability under transient conditions were large and 
cosily. The high-speed breaker enables us to use standard 
designs of condensers which will hold up the voltage under the 
transient conditions until the circuit is cleared. Tho combined 
result obtained by the use of high-speed breakers and the Baum 
system will permit an economic transmission of power over 
long distances so that the power may bo generated at tho points 
where coal can be obtained cheaply, with tho minimum of 
handling and where there is adequate condensing water, and 
transmitted to tho load centers for distribution. Obviously if 
we can insure against interruption of service due to lightning 
we can operate all transmission lines at a much higher power 
level thus effecting a great economy. 

I wish to say that it has been very gratifying to me to see how 
all the various bodies working on this investigation are gradually 
approaching each other in their conclusions and it is hoped that 
this season will see a still closer agreement. 

II* H* Geortfcx In Mr. Bewley's discussion of our paper, 
attention was called to the flat place in the waves just beyond 
the crest, and the question was asked as to whether we could 
assign any reason for it. 

Although this peculiarity of wave shape has received much 
consideration, no sound reason has been found for its occurence. 
Checks on the potentiometer and cathode ray oscillograph 
made by means of the surge generator, described in the paper 
by Messrs. Hemstreet, McEachron, and Itudge, showed the 
recording apparatus to be free from distortion. Also the fact 
that waves coming into the oscillograph station from either the 
north or the south possessed the same flat characteristic would 
indicate, since no terminal apparatus was located at Croton, 
that the wave shape was not due to the contour of the land 
which the line traversed. 


It is very interesting and important that Mr. Bewley’s theory 
of traveling waves apparently offers an explanation for the wave 
shape of natural lightning surges. 

The tests reported in Mr. Sehirmor’s discussion show that the 
telephone companies are in a position to obtain very valuable 
information relative to areas affected by lightning strokes and 
should be encouraged to make as extensive an investigation as 
possible. 

Mr. Sebirmor’s results with recorders located one and one-half 
miles apart, check results obtained at Purdue University last 
summer. These results indicate that a single stroke does not 
usually affect a very large area. While taking cathode ray 
oscillograms of lightning surgos on a 140-ft. antenna, a record 
was kept of the time which elapsed between the lightning flashes 
and the resultant thunder, where possible, and these data cor¬ 
related with tho surges on the antenna. 

Although tho results were subject to considerable error they 
indicated that strokes occurring more than one-half mile away 
rarely produced appociable surges on tho antenna. 

The lightning investigation will be continued at Croton, 
Michigan during the 1930 season, witli tho aid of improved 
apparatus, and it. is hoped that surges may be recorded which 
have their origin in the iminodiato vicinity of the oscillograph 
station. Until a number of such surges has been recorded 
tho data must be considered incomplete. 

K* B. McEachron x I agreo with Mr. Silver that it is very 
desirable to lie able to reconstruct the original impulse at tlie 
point of inception from the oscillogram taken at some other 
point. To acquire the ability to do this is one of the objects 
of the study which wo have conducted with artificial transients 
on transmission lines. 

The picture which Mr. Southgate gives of tho action of corona 
in changing wave shape, in which ho suggests an equivalent cir¬ 
cuit consisting of a gap with series resistance and capacitor would, 
it seems to me, be more accurate if tlie condenser was also shunted 
by a resistor of proper value. It does not seem likely that much 
energy is returned to the conductor from tho corona formed 
around it when the voltage begins to decrease; however, it may 
later bo shown that the amount of energy returned to the conduc¬ 
tor is greater than now appears possible. I do not believe that 
very much is known about the formation and disappearance of 
corona under tho transient conditions encountered during tho 
travel of short, time impulses along transmission linos. It would 
be very helpful indeed to have this information and it is to be 
hoped that the investigations now in progress will give some clew 
to the laws of corona formation and disappearance under tran¬ 
sient conditions. 

Tlie results of tests to bo presented at the Summer Convention, 
relating to further studies in Michigan, indicate that there is little 
measurable change in the form of traveling waves if the potential 
is kept below the corona voltage. This seems to indicate that 
the effects which Mr. Ackerman describes as changing surge im¬ 
pedance are dependent, to a considerable degree at least, on the 
effects of corona. If and when the effect of corona at different 
voltages on the surge impedance is evaluated by actual test, it 
will become possible to take these factors into account when 
making calculations relating to the travel of waves on lines. 
Tests involving the measurement of current and voltage need to 
be carefully made not to invalidate the relatively small differ¬ 
ences which may result due to corona. Much more evidence 
under a variety of conditions must be obtained before any con¬ 
clusion with regard to values of surge impedance can be stated 
witli assurance. 

Mr. Forteseuo suggests that the resistance of grounds may have 
considerable effect on tho attenuation of surgos on conductors 
protected by ground wires. In this connection it is important 
to know if the effect of tlie ground wire on attenuation, found in 
Michigan, may be applied generally. The effect of the ground 
wire should be determined both for the ease of high resistance 
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grounds and low resistance grounds, so that the effect of the 
ground wire on the attenuation of surges becomes known for all 
conditions. 

It would seem from Mr. Andrews’ experience that quite a 
high percentage of the outages on the circuits described by him 
were caused by induced discharges, since the ground wire ap¬ 
peared to reduce very greatly the number of outages. This 
possible conclusion is based on the proposition that the ground 
wire as usually installed is in the most efficient location for in¬ 
duced discharges, but is not, in general, in the best location for 
direct strokes and I assume that the ground wire installation 
referred to by Mr. Andrews is in the usual location. 

Mr. Jordan refers to the fact that if direct strokes occur in mid 
span that low tower footing resistance will be of little avail if the 
length of wave front is less than the span length. This again 
emphasizes the idea that some form of protection other than the 
usual ground wire is required for protection against direct strokes 
in mid span. If flashover does not occur in mid span so that 
power current follows, low tower footing resistance will be help¬ 
ful in preventing a flashover of the insulator string at the tower. 

A. L. Price and E. Bell: Considerable discussion has taken 
place as to whether induced or direct strokes are responsible for 
the greater number of service interruptions. We wish to em¬ 
phasize one bit of information included in the paper by Smeloff 
and Price relative to this subject, namely the fact that during 
the 1929 lightning season 24 cloud-to-ground strokes were 
observed within a one mile radius of the ‘Wallenpaupack Light¬ 
ning Laboratory. 

Mr. Peek has given the dimension of the protected area of a 
lightning rod as a radius equal to four times the height of the 
rod. Considering the transmission line conductors as protecting 
an area of four times their height on either side of the line gives an 
area protected by the 65 miles of line of about 5.7 square miles. 
On the basis of 24 strokes per 3.14 square miles and assuming 
equal storm conditions throughout, we should expect about 43 
direct strokes to the Wallenpaupack Tap-Siegfried Roseland Line 
during the course of the 1929 season. Actually 37 trip-outs 
occurred during the period when lightning stroke observations 
were being made. These data would indicate that there is a 
reasonable expectation of a sufficient number of direct strokes to 
account for all circuit interruptions. 

Fig. 18 (profile of flashed insulators per mile on the Wallen¬ 
paupack Tap-Siegfried Roseland Line over a period of years) 
shows that considerable benefit would accrue if some practical 
means could be found of measuring storm intensities over pro¬ 
posed transmission line rights of way and thus avoid routing 
lines through localities where storms are particularly numerous 
and severe. 

While there is considerable evidence that direct strokes are the 
major cause of line trip-outs on high-voltage lines, induced strokes 
also cause numerous and often high voltages. During 1929 
some surge voltage recorder measurements were made on a wood 
pole line, and on a telephone line beneath, both lines being 
supported by the same poles. Voltages exceeding 330 kv. were 
recorded on the telephone line on several occasions. Of particu¬ 
lar interest, however, was the large number of small surges 
recorded during lightning storms. The telephone line appeared 
to act as a very long antenna, despite the fact that it was 


grounded at either end through drainage coils. None of the 
surges did any damage and their only apparent effect was to make 
the line noisy. 

The average conductor height was 20 ft., hence the voltage 
gradients measured ranged from zero to about 17.5 kv. per foot 
maximum. It is therefore apparent that induced strokes do 
cause very appreciable voltages on aerial conductors, and that 
on low-voltage lines which are not highly insulated, both direct 
and induced strokes should share the onus of being responsible 
for line flashovers and trip-outs. 

Philip Spornx Referring to the question of continuity of 
service and its relation to the solution of the lightning problem, 
Mr. George has stated that on a system that he is familiar with 
55 per cent of the trouble is due to causes external to the system, 
such as wind, weather, and other phenomena. On the 132-kv. 
system of the American Gas & Electric Company subsidiaries 
the record over four years has indicated that 75 per cent of the 
outages have been due to lightning. In general where the con¬ 
struction of the line is of a high order, and the line is located in a 
territory where lightning is prevalent, I believe that a far greater 
percentage of outages is due to lightning than has been indicated 
on the system quoted by Mr. George. 

Regarding the comments of Mr. Andrews and his experience 
with some 132-kv. lines before and after ground wires, the 
reduction in outages obtained on these lines after the installation 
of ground wire would lead one to conclude, first, that the lines 
were rather low lines, and that the ground resistance must have 
been unusually low,—in other words, that the ground wire must 
have been particularly effective; and second that the intensity 
of the lightning in that territory is not particularly heavy. On 
the system with which I am connected our experience before and 
after the installation of ground wires showed a marked reduction 
in the number of outages after the ground wire was installed, 
but the reduction was not nearly as great as indicated by Mr. 
Andrews. Also from analyses made regarding the relative num¬ 
ber of outages of top, middle, and bottom wires we came to the 
conclusion that voltage gradients as high as 50 to 60 kv. per foot 
were quite common. 

The point discussed by Messrs. Cox and Forteseue with regard 
to the relative importance of induced and direct lightning strokes 
on the higher voltage lines is one still open to a wide difference of 
opinion. There are definite data available to show that both 
direct and induced strokes are important and one cannot be 
neglected in favor of the other. I am confident that on this 
matter a final conclusion can be drawn only after more- data are 
obtained. 

Mr. Cox’s point with regard to wave-fronts shown in our paper 
is of course slightly exaggerated in that the data with regard to 
wave-front steepness are not guesswork but are based on laboratory 
test of the time taken for the initiating gaps to function and put 
the oscillograph in operation. While there may be some error 
in the estimated time of the wave-fronts as given, it is believed 
that it was better to give approximate values rather than to 
give nothing at all. The weakness encountered in measuring 
this portion of the wave has been fully realized and it is expected 
that in the set-ups used in the coming year’s investigation the 
initiating gap will be speeded up sufficiently to determine more 
completely the front of the wave. 
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Synopsis.—The following paper describes a unique adaptation 
of the temperature sensitive magnetic alloys known as “calmaloy” 
to the cold junction compensation of thermocouple temperature 
indicators . It has been known for some time that certain specially 
prepared copper-nickel alloys possess the properly of changing per¬ 
meability linearly with temperature over very wide ranges . This 
peculiar function of permeability has been advantageously used for 
effecting temperature compensation on different devices , particularly 
watihour meters. The need has recently arisen of providing suit - 
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able compensation for millivolt meters used in connection with 
thermocouples for determining the temperatures of air cooled air¬ 
craft motor's. It is shown that tiy employing the restoring torque 
on the instrument produced by a small vane of calmaloy in ad¬ 
dition to the usual restoring torque of the spring , a very satis¬ 
factory compensation residts. Curves are shown which illustrate 
the accuracy of compensation obtained and a detailed explanation 
of just how it is accomplished is also given . 

* * * * * 


T HE development of air-cooled airplane motors, in 
which the operative temperatures are rather high 
as compared with those of water-cooled motors, 
has made it expedient to find means of measuring these 
temperatures. For laboratory measurements where 
the weight and cost of apparatus are not important, 
and where high accuracy is desirable, the type of 
pyrometer utilizing a thermocouple and a potentiom¬ 
eter has proved very useful. For permanent installa¬ 
tion on an airplane where a direct reading instrument of 
fairly small size is required, it has been the practise to 
use a millivoltmeter with an iron-constantan thermo¬ 
couple, the cold junction being made at the instrument. 
A mercury thermometer is used to indicate the cold 
junction temperature. This method has the very 
serious disadvantage of requiring calculation to deter¬ 
mine the temperature of the hot junction. 

Various methods of cold junction compensation are 
successfully used on thermocouple type pyrometers now 
on the market. In general, they may be divided into 
two types, electrical and mechanical. The former 
type uses an e. m. f. derived from a battery and 'an 
adjustable portion of this e. m. f. is added to the thermo¬ 
couple e. m. f. to correct for the change due to the 
difference between the actual cold junction temperature 
and that for which the instrument was calibrated. 
The latter type uses a bi-metallic spring which, for a 
given change in temperature, will move the pointer by 
an amount sufficient to compensate for the error caused 
by the change in cold junction temperature. 

The battery method is not considered suitable for 
aircraft use on account of the weight, and because of 
the effect of very low temperature on the e. m. f. of the 
battery. Since the instrument should have a scale 
range from 100 to 650 deg. fahr., and should give reason¬ 
ably accurate readings at any cold junction temperature 
from -f 105 to — 40 deg. fahr., it was believed that it 
would not be practicable to use a bi-metallic spring 
capable of supplying a correction equal to 27 per cent 
of the full scale reading of the instrument. This 


problem is made much more difficult by the small size 
of the instrument required. 

In a previous article, mention was made of a series of 
temperature sensitive magnetic alloys. 2 These alloys 
have been manufactured for some years under careful 
control for use in meters and instruments. Some 
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TEMPERATURE IN OEQ. CENT. 

Fia. 1 —Flux Temperature Tests on Calmaloy 

Composition: Ou 0,5 per cent, Ni. 88 per cent, Fe. 2.2 por cont 
Heat Treatment: Quonchod In water 

hitherto unpublished data on these materials are shown 
in Figs. 1, 2, and 3. Figs. 1 and 2 show that the per¬ 
meability and point of magnetic transformation are 
increased with decreasing copper content and that this 

2. Temperature Errors in Induction Watihour Meters f 
A. I. E. E. Trans., Vol. XLIV, 1925, p. 275. In this paper, the 
name “thermalloy” was applied to these alloys, but it was 
subsequently learned that this name had previously been applied 
to a heat resisting alloy. Hence, the name of this series of 
temperature sensitive magnetic alloys has been changed to 
“calmaloy,” which is derived from caloric magnetic alloy. 


1. General Electric Company, West Lynn, Mass. 

Presented at the North Eastern District Meeting of the A. I. E. E. f 
Springfield , Mass., May 7-10 } 1980 . 
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change is accompanied by a decrease in the slopes of 
the temperature-flux curves. Fig. 3 shows that quench¬ 
ing gives a lower permeability than is obtained when 
the material is cooled slowly, but that the hysteresis is 
much less in the quenched material. Since low hyster¬ 
esis is essential in these materials, the quenching 
treatment is used. The success which has attended 
their use in correcting other types of temperature errors 
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Fig. 2—Flux Tempekattjre Tests on Calmaloy 

Composition: On. 30 per cent. Ni. 66.6 per cent, Fe. 2.2 per cent 
Heat Treatment: Quenched in water 


led to a consideration of the possibility of using them in 
correcting for cold junction error. 

The first method attempted was the use of a calmaloy 
shunt in parallel with the air-gap of the instrument. 
By this method, it was possible to obtain correct com- 



Composition Ou. 30 per cent, Ni. 66.5 per cent, Fe. 2.2% per cent 

1. Cooled slowly in furnace 

2. Quenched in water 

pensation at only one point on the instrument scale 
since the correction supplied by the shunt was pro¬ 
portional to the scale reading, while the cold junction 
error was the same at all points in the scale. Fig. 4 
illustrates the results which would be obtained if an 
instrument were correctly compensated for cold junc¬ 
tion temperature variation at 70 per cent of full scale 
reading. It is evident that this method of compensa¬ 


tion is suitable only for purposes requiring accuracy 
over a very narrow hot junction temperature range. 

Since it is necessary to measure the temperature of 
the cylinder wall which should not exceed 310 deg. fahr. 
and the temperature of the cylinder head, which may be 
as high as 600 deg. fahr., and it is also desirable to use 
one instrument with two thermocouples and a selector 
switch for taking both measurements, it is evident that 
the type of compensation just described is not suitable 
for use in measuring engine temperatures. What is 
required is a compensation that will be effective over 
the entire range of the scale. 

The required type of compensation was obtained by 
mounting a calmaloy vane on the instrument armature 
in such a relation to an auxiliary pole piece that the 
magnetic attraction between the vane and the pole 
piece produces a torque tending to move the instrument 
pointer toward the lower end of the scale. When the 
temperature of the instrument is lowered, the per- 



Fig. 4 —Cold Junction Compensation obtained by use op 
a Calmaloy Shunt 


1. Calibration at 75 deg. fahr. 

2. Calibration of compensated Instrument at — 40 deg. fahr. 

3. Calibration of uncompensated Instrument at — 40 deg. fahr. 


meability of the calmaloy vane is increased, thus 
causing it to exert a stronger torque; this balances the 
increase in torque due to the increase in millivolts due 
to the lowering of the cold junction temperature. Since 
both effects have a linear variation with temperature, 
a good compensation may be obtained over a wide 
range of cold junction temperatures. 

It is the usual practise to connect a sufficient amount 
of manganin or other resistance wire having a low 
temperature coefficient in series with the armature of a 
millivoltmeter to minimize resistance changes due to 
changes in the temperature of the copper windings. 
It is evident that this is not a very desirable method to 
use in a case where only a very small amount of electri¬ 
cal energy is available for the operation of the instru¬ 
ment, since the sensitivity is reduced in the same 
proportion as is the temperature error. 

The temperature error due to the change in resistance 
of the windings is proportional to the scale readings and 
hence could be perfectly compensated by a temperature 
sensitive magnetic shunt similar to that described in 
connection with the cold junction compensation. 
Principally on account of the manufacturing difficulties 
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which would be caused by using both methods of 
compensation in the same instrument, it was decided to 
use the calmaloy vane to compensate for both the cold 
junction error and the error due to the change in the 
resistance of the instrument. This problem may be 
understood more easily by referring to Fig. 5. It will 
be noted that the curve representing the total error 
is the sum of two errors, one increasing with increasing 
scale deflection, and the other remaining the same for 



TEMPERATURE AT HOT JUNCTION IN DEGREES FAHRENHEIT 

Fig. 5—Results Obtained bt the use of a Calmaloy 
Vane in Compensating fob Ambient Temperature Errors 
in Thermocouple Type Temperature Indicators 

1. Error due to cold junction temperature at —40 deg. fahr. 

2. Error due to cliange in instrument resistance at —40 deg. fahr. 

3. Total error in uncompensated instruments at —40 deg. fahr. 

4-7. Errord in compensated instruments at -40 deg. fahr. All instruments 
calibrated to read correctly at + 75 deg. fahr. 

all points on the scale. It is necessary to provide a 
type of compensation which will increase with increasing 
deflection in the same manner as shown by the curve 
representing the total error. This is done by propor¬ 
tioning the magnetic circuit so that the rate of change 
of flux, and hence the torque, acting on the calmaloy 
vane is increased with increasing scale reading. 

Fig. 6 illustrates the method of applying this com¬ 
pensation to a standard type d’Arsonval instrument. 
This instrument has a coil (e) of cylindrical section, 
iron pole pieces (c c 1 ) having inside surfaces of spherical 
section and a spherical iron core which, together with 
the springs, is omitted from the drawing in order to 
avoid confusion. The compensating pole piece (6) 
which is made of iron is mounted on the pole piece (c). 


The calmaloy vane (a) is mounted parallel to the 
armature shaft. The pole piece (c 1 ) is cut away as 
shown so that it will not exert an attraction which will 
oppose the attraction of the compensating pole piece 
for the calmaloy vane. The principal path of the flux 
which produces the compensating effect is indicated by 
the arrows. It will be noted that the flux, after cross¬ 
ing the air-gap between the compensating pole piece 
and the calmaloy vane, passes through' the coil and 
across a second air-gap to the core. The length of this 
second air-gap is not changed when the armature is 
rotated, but may be varied by raising or lowering the 
armature by means of the jewel screws. This provides 
a convenient means for adjusting the compensation. 

Fig. 5 shows the results obtained on four instruments 
compensated by this method. Although it is possible 
to secure a very accurate compensation, the cost is 
materially increased if it is attempted to hold an ac¬ 
curacy of better than 20 deg. fahr. for a change in 
ambient temperature from +75 to — 40 deg. fahr. 
This means that the error will be less than one-fifth of 



Fig. 6—D’Arsonval Instrument with Calmaloy 
Compensation 


the change in ambient temperature from the calibrating 
temperature of 75 deg. fahr. 

On account of its simplicity, sturdiness, and small 
size, it is believed that the type of temperature indicator 
just described will be found useful for many purposes 
other than that for which it is particularly intended. 
It also appears that the possible uses of temperature 
sensitive magnetic alloys have not been exhausted. 







Phase Defect Angle of an Air Capacitor 
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Synopsis.—This investigation was undertaken in order to deter¬ 
mine the conditions of atmosphere under which the air capacitor may 
be regarded as having zero loss. 

A special guarded and shielded test capacitor was constructed 
having quartz insulation between the high-voltage and guard plates 
and low loss molded bakelite insulators between the measuring and 
guard plates. This capacitor was enclosed in a metal box and 
subjected to various conditions of temperature and humidity. 
Readings were made of continuous conduction current and a-c. 
phase defect angle. The measuring instruments used were the most 
sensitive available. A D'Arsonval galvanometer having a sensitivity 
of 1.5 X 10- 12 amperes was used in the continuous current work and 
a Wien bridge sensitive to three seconds in the a-c. measurements. 


A gradient of approximately JfiOO volts per cm. was used in all tests. 

Measurements were made of the effect of humidity at temperatures 
from 60 deg. fahr. to 100 deg. fahr. and in each run the humidity was 
varied from 40 to 95 per cent , approximately. Readings were made 
of continuous conduction current and the phase angle of the test 
capacitor was compared with that of a standard air capacitor in 
which the humidity was maintained at a low value. It was found 
that the conduction was zero and the phase defect angle of an air 
capacitor was less than three seconds for values of humidity below 
90 per cent. 

Observations were made also of the effect of the introduction of ions 
and dust particles into the condenser chamber. 

* * * 4c * 


Introduction 

MPROVEMENTS in impregnated paper cable 
manufacture have necessitated many experiments 
in the measurement of phase angle. The a-c. 
bridge and the dynamometer wattmeter are the two 
methods commonly employed to measure dielectric 
loss. Both of these methods use air capacitors and the 
accuracy of the results is based upon the assumption 
that the air capacitors are loss free, i. e., the current 
leads the voltage by exactly 90 deg. The correctness of 
this assumption was questioned almost simultaneously 
by both the General Engineering Laboratory of the 
General Electric Company and by the Electrical 
Laboratory of the Johns Hopkins University, 1 during 
the summer of 1927. The trouble with the air ca¬ 
pacitors developed during the summer months, when 
the humidity was high. This investigation was under¬ 
taken to determine whether or not the known sources of 
atmospheric ionization were sufficient to account for 
the phase defect angle found, and to study the effects of 
humidity and temperature upon the behavior of air 
capacitors. The phase defect angle of a capacitor is 
the angle by which its current fails to lead the alternat¬ 
ing voltage by 90 deg. 

Sources op Atmospheric Conduction 

It is a well recognized fact that atmospheric air 
contains charged particles called ions, which will move 
when exposed to an electric field, thereby causing 
conduction. 2 The sources 36 of ionization are radium 
emanations, soil gases, ultra, violet light, cosmic rays, 
photoelectric effects, the Lenard* effect, whirling dust 
clouds, 5 and the products of combustion. 

The normal ionizing agents produce from ten 6 to 

*Assoc. Professor of Electrical Engg., The Johns Hopkins 
University, Baltimore, Md. 

fGrad. Student in Electrical Engg., The Johns Hopkins Uni¬ 
versity, Baltimore, Md. 

I. For references see Bibliography. 

Presented at the North Eastern District Meeting of the A. I. E. E., 
Springfield, Mass., May 7-10,19S0. 


thirty 7 ions of each sign per cu. cm. per second. These 
are removed by diffusion and recombination at such a 
rate that at any one time there are present per cu. cm. 
of the atmosphere from 700 to 1000 pairs 6 of ions. 

The number of ions present in air may be counted by 
means of the “ion counter.” 3b The number not only 
varies at different localities, but also from hour to hour 
throughout the day. In cities the average number of 
small ions is 800 of both signs, per cu. cm., and of large 
ions 1800. The number of large ions present at any 
time depends mainly upon the amount of smoke in the 
air and may equal 60,000 or more per cu. cm. “Small 
ions 3c consist of groups of some ten molecules, more or 
less grouped around a central charged molecule and 
forming a fairly stable complex or -cluster.” Large 
ions are small ions combined with dust or water 
particles, or both. The velocity of small ions is from 
one to two cm. per volt per cm. per second, and the 
velocity of large ions from 1/100 to 1/1000 that of the 
small ions. The charge on an ion is usually taken as 
1.59 X 10 19 coulombs. 

Atmospheric Conduction—Phase Defect Angle 

If a capacitor is placed in still air, ions will not flow 
from the outside air into the capacitor and the number 
of ions available, to cause conduction, will be those 
generated per unit volume per second by the normal 
atmospheric ionizing agents. If these produce an 
average of 20 ions of each sign per cu. cm. per second, 
and if none of these recombines the current per unit' 
volume of the capacitor will equal 3.2 X 10 -18 amperes. 

Consider, for example, a high-voltage air capacitor 
having two measuring plates, electrically connected, 
one on either side of a high-voltage plate, each plate 
being 121.9 cm. (4 ft.) by 182.9 cm. (6 ft.). At a 
spacing of 5.08 cm. (2 in.) the volume of air enclosed by 
the condenser is 227,000 cu. cm., and assuming that 
the voltage gradient is sufficient to draw out all of the 
ions formed, the conduction current amounts to 
0.72 X 10 -12 amperes. The electrostatic capacity of 
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this capacitor equals 775 ju n f. and at 60 cycles po¬ 
tential of 13,200 volts, the charging current is 4 milli- 
amperes. The power factor of the capacitor under 
these conditions equals 1.8 X 10~ 8 and this is negligible. 

If the air in the vicinity of the condenser contains 
60,000 ions of both signs per cu. cm., and if we assume 
that the air currents are sufficient to completely change 
the air in the capacitor once every second, then the 
conduction current would equal 2.2 X 10~ 9 amperes, 
and the power factor, (cos <f>), 0.55 X 10~ s . This 
corresponds to a phase defect angle of less than one 
second of arc and may be neglected. 

It is evident, therefore, that the normal ionization of 
the atmosphere is not sufficient to account for the phase 
defect angles sometimes reported in air capacitors. 
Any phase defect that occurs must be the result of 
either leakage over the insulation, abnormal ionization 
caused by the flow of highly ionized air into the con¬ 
denser space, or the presence of a dielectric other than 
air in the field. 

Experimental Work 

As stated before, the object of this investigation was 
to determine the effect of humidity, temperature, and 
ionization upon the dielectric, atmospheric air. Mea¬ 
surements were made of the conduction current flowing 
through an air capacitor under high continuous po¬ 
tentials and also of the power factor at corresponding 
values of 60-cycle voltages. A special test capacitor 
described below was constructed for this purpose. 

The continuous current conduction was measured by 
a high sensitivity D'Arsonval galvanometer and as a 
check a-e. measurements were made in a Wien bridge, 
comparing the test capacitor with a standard capacitor. 
The effect of temperature was first studied in order to be 
sure that no thermal e. m. fs. existed in the test capaci¬ 
tor circuit. After proving that thermal e. m. fs. were 
absent, humidity runs were made, each at a definite 
temperature ranging from 21 deg. cent. (70 deg. fahr.) 
to 38 deg. cent. (100 deg. fahr.). In each one of these 
runs the relative humidity was varied from a low value 
to the highest attainable. No appreciable continuous 
conduction current was found and the d-c. and a-c. 
methods cheeked within the limits of accuracy of the 
equipment. 

During the work two sources of trouble developed, 
namely surface leakage over the insulation and conduc¬ 
tion due to fibers. Both of these were carefully in¬ 
vestigated. Later ionized gases and dust were intro¬ 
duced into the test capacitor and their effect upon the 
phase defect angle studied. 

The Test Capacitor 

A flat plate capacitor (Fig. 1) was used as a test 
specimen, in which the atmospheric conditions could be 
varied. The high-voltage plate was 51 cm. (20 in.) 

X 38 cm. (15 in.), the guard ring 6.4 cm. (2.5 in.) wide, 
and the main or measuring plate 38 cm. (15 in.) x 25.4 
cm. (10 in.). The width of the air-gap between guard 


and main plates was 0.159 cm. (1/16 in.) and all plates 
were of 0.318 cm. (J^ in.) brass. The plates were 
polished and all sharp edges removed. The main 
plate was suspended from the guard plate by bakelite 
strips, running the full length of the condenser; brass 
studs, placed as near the center of these strips as was 



Eiq. 1—Test Capacitor 


consistent with rigidity, held the main plate. The 
main plate lead was a 0.635 cm. (J4 in*) brass rod 
soldered by means of leads of equal length, to four 
symmetrically placed points on the main plate. The 
main plate.was shielded by a brass case soldered and 
fastened mechanically to the guard ring. A brass tube 
concentric with the main plate lead was mounted on this 
shield and served both as the guard plate terminal and 
as a shield for the lead. The capacitance with 0.254 
cm. (0.1 in.) spacing was 300 /j, fif. The capacitor 
was completely enclosed in a galvanized iron box. 
Outlets were provided for circulation of air and observa¬ 
tion of conditions. An oil bath was used to control the 
temperature of the capacitor, which is shown in detail 
in Fig. 2. 



Fig. 2—Test Capacitor Details 


All leakage paths were made as long as possible. The 
leakage path between main and guard plates was 4 in. 
long and the total cross-section of insulation was 1J4 
sq. in. Molded bakelite was used to insulate the main 
plate fi:om the guard. The guard and high voltage 
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plates were both supported from a grounded base. AH 
leakage over insulation from the high-voltage plate was 
led to ground and did not flow in the guard circuit. 
The guard ring was supported from the base by four 
quartz pillars. The best grades of low loss insulation 
available were used in the capacitor and care was taken 
to keep it but of the field. To reduce the chance of 
condensation to a minimum, the insulators were coated 
with a thin band of ozokerite wax. To conform with 
present practise brass plates were used, although they 
probably contained slight traces of radioactive sub¬ 
stances. 

The temperature of the capacitor was varied by 
means of an oil bath which heats only the bottom of the 
capacitor chamber. Heating of the bottom produced 
a small temperature gradient in the tank and circulating 
air currents resulted. These currents equalized the 
atmospheric conditions throughout the chamber. 

The overhead suspension of the guard plate permitted 
variation of capacitance without in any way changing 
the leakage paths through the capacitor, or the position 
of the insulating supports with respect to the field. 
The guard and measuring plates were hung from two 
horizontal supports by four brass screws and the spacing 
was varied by adjusting the length of the four supports 
by thumb nuts. The construction is shown in Fig. 2. 

Continuous Current Measurements 

A 1500-volt storage battery supplied current for the 
conductivity measurements. The high-voltage side 
of this battery was connected to the high-tension 
plate of the test capacitor. The guard plate of the test 
capacitor and the other side of the battery were 
grounded. A high-sensitivity galvanometer was con¬ 
nected between the main plate of the capacitor and 
ground. By varying the position of the pole pieces 
the galvanometer sensitivity was adjusted to a value 
of 1.5 X 10 -12 amperes per millimeter deflection at the 
scale distance used. This value of sensitivity was 
used throughout the work. A resistance shunt was 
used to decrease the sensitivity when desired. 

The suspension used was a 0.007-in. gold wire rolled 
flat. This suspension was easily strained and after a 
large deflection the zero was not the same. In order to 
eliminate the effects of zero creep, care was taken to 
keep the deflections small, and at each point two con¬ 
ductivity readings were made with reversed battery 
polarity. 

A-C. Measurement 

The Schering and Wien or Rosa 9 bridges are most 
frequently used in high-voltage cable work. The Scher¬ 
ing bridge has three condensers in the network and the 
Wien only two; therefore, since we were studying the 
effect of air conditions upon capacitance, we chose the 
Wien , bridge to check the continuous current results. 
The diagram of connections is given in Fig. 3. This 
bridge compares the capacitances and the difference 
in the phase angles of the two capacitors, C, and C t , 
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and does not therefore constitute a direct check upon 
the continuous current results. It was, however, the 
most sensitive method available, and by keeping the 
humidity and temperature in the standard capacitor, 
C„ low and constant, while varying that in the test 
capacitor, C t , we were able to detect any change in their 
relative phase defect angles. 

In setting up the bridge care was taken to make a 
symmetrical disposition of the various elements of the 
network. The resistance in the two sides of the bridge 
were of the same size and type, symmetrically placed, 
shielded, and guarded. The leads between correspond¬ 
ing elements were the same length, shielded in an 
identical manner, and fixed in position. The series 
resistances r/ and r 2 ' were completely shielded and 
were varied by means of a set of extension dials. The 
space relations of the parts on the two sides of the 
bridge were the same with respect to each other and to 
ground, and by this means the capacity unbalance to 
ground was brought to a minimum. 

The standard capacitor was cylindrical in form and 
brass tubing was used for the plates. The main plate 
was entirely enclosed and was completely shielded and 
guarded. In order to maintain the relative humidity 
low and constant, a quantity of calcium chloride was 
placed in a container and mounted in the standard 
capacitor in a position outside the main field. 

A Drysdale and Tinsley vibration galvanometer was 
used as a detector and as this did not give the desired 
sensitivity a three-stage impedance coupled amplifier 
was inserted between the bridge terminals and the 
galvanometer. The amplifier and bridge were isolated 
electrostatically by means of a shielded transformer. 
The power supply to the bridge was taken from a 
5-kv-a., 60-cycle, sine wave, a-c. generatormanufactured 
by the General Electric Company. The generator 
voltage was controlled by varying the field excitation, 
and the generator was driven by a motor supplied with 
current from the university storage battery. The 
speed was held constant. 

At 60 cycles, and with the amplifier in circuit, the 
bridge could be balanced to better than 1/10 ohms in 
the ratio arms and to within plus or minus 100 ohms in 
the series resistance, r/, and r 2 ', arms. The minimum 
phase defect angle that we could detect (plus or minus 
100 ohms in the series resistance at a frequency of 60 
cycles) was three, seconds of arc. This was approxi¬ 
mately 1/250 of the sensitivity of the continuous current 
measurements. 

Method of Varying the Humidity 

Ions are not produced by slow evaporation from a 
water surface. 33 Therefore trays holding water were 
placed in the box containing the test condenser and to 
increase the water surface blotters were allowed to dip 
into the trays. There was a slight temperature gradi¬ 
ent between the top and bottom of the box con taining 
the capacitor and this aided in circulating the air. 
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A fan was used to stir up the air and this was operated 
so as to draw air out of the condenser space and dis¬ 
charge it outside of the box. "When air carrying drops 
of moisture passes through a fan the suspended water 
particles are ionized in accordance with the Lenard 
effect. 

The relative humidity was measured by means of 
wet and dry bulb thermometers placed at the same 
level as the capacitor and close to the plates. Runs 
using this method of humidity control were necessarily 
long and each test extended over a period of twenty- 
four hours or more. This was not a disadvantage, 
however, as it gave sufficient time to obtain all of the 
desired data. 

It is easy to increase the rate of evaporation by heat¬ 
ing the water slightly and thereby shortening the time 
of a run. After a number of attempts to use such 
schemes they were abandoned because of the danger of 
ionization and condensation. 

Operation 

In this investigation two sets of data, continuous 
current conduction and a-c. phase angle, were taken 
concurrently on the same air capacitor. A complete 
switching arrangement was installed by means of which 
the capacitor could be transferred from one circuit to 
the other. Measurements were made at intervals 
consistent with the rate of change of the variable under 
observation. 

In order to protect the high-sensitivity galvanometer 
from transients during the continuous current measure¬ 
ments a definite cycle of operation was adopted. 

With the galvanometer short circuited, the continuous 
voltage was applied to the capacitor circuit; after 
five minutes the galvanometer was placed in circuit, a 
reading taken, and again short circuited. The circuit 
was then opened and the capacitor short circuited for 
five minutes. Then with the galvanometer still short 
circuited, voltage was applied in the opposite direction, 
and after five minutes the second or reversed reading 
was taken. The reversed readings made the accurate 
determination of the galvanometer zero unnecessary, 
and also served to eliminate any contact potentials 
that might develop during a run. This method gave 
a very good check of conditions in the capacitor, and if 
the plates were free from dust or fibers and the insula¬ 
tion free from moisture, the difference between the two 
readings was not greater than half a centimeter. 

Three main operations were necessary in balancing 
the a-c. bridge. The first was to obtain an approxi¬ 
mate balance of the maih bridge at reduced galvanom¬ 
eter sensitivity. The second was to connect a second 
galvanometer, not shown in Fig. 3, between the guard 
and main plates of the standard capacitor and balance 
by adjusting the resistance r 6 . The third step was to 
connect the second galvanometer between the guard 
and main plates of the test capacitor and to balance by 
adjusting resistance r 7 . These three steps were re¬ 
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peated until the bridge was in balance for full sensi¬ 
tivity of the galvanometer and full amplification of the 
amplifier. 

Each of the humidity runs was made at a definite 
temperature and the relative humidity raised slowly 
from the lowest value obtainable to as near one hundred 
per cent as possible. Before each run the condenser 
plates were carefully cleaned. The final cl eaning 
operation consisted of scraping the plates with a safety 
razor blade to remove the last traces of lint and dust. 
The capacitor was then assembled and placed in its 
tank with calcium chloride dryer. After twenty-four 
hours the dryer was removed and measurements were 
made with both alternating and continuous current. 
If the difference between the reversed continuous 
current galvanometer readings at 1500 volts was less 
than half a centimeter, it indicated that the condenser 
was free from lint and the test was continued. If the 
difference was greater than half a centimeter the con¬ 
denser was cleaned again. After securing a satisfactory 
set of readings with dry air, water was placed in the 
chamber with the condenser, the humidity incr ea sed 
gradually, and observations were made of both phase 
angle and conduction current. 



Fig. 3— Diagram Connections op A-C. Circuit 


Experimental Results 

The results of the temperature test, the four humidity 
runs, and the effect produced by the introduction of ions 
into the test condenser, are given below. In addition 
there are included curves showing the variation of the 
conduction current with voltage for leakage over both 
insulation and fibers. 

1. Temperature Effects: Table I. This run was 
made to determine whether or not a change in tempera¬ 
ture would affect the measuring apparatus. The 
temperature range in this experiment was 7.2 deg. cent. 
(45 deg. fahr.) to 43.3 deg. cent. (110 deg. fahr.). Both 
continuous and a-c. measurements were made during 
the run. In Table I the results of the continuous 
current measurements are given and also of the ca¬ 
pacitance of the test capacitor to the nearest micro¬ 
microfarad, as measured in the bridge. The capaci¬ 
tance increased during the run from 295 to 300 micro¬ 
microfarads, due to expansion. The power factor 
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balance of the bridge did not change during the test. 
The high sensitivity galvanometer remained at prac¬ 
tically zero deflection throughout the entire run. The 
small deflections noted are inherent in a galvanometer 
with this type of suspension and sensitivity. 

It is evident from the results that thermal electro¬ 
motive forces were not present in the apparatus at any 
point in the range of temperature covered by the 
experimental work. 

TABLE i 

TEMPERATURE VARIATION 

The voltage used in this test with both alternating and continuous current 

was 1500 _ 


Time 
hr. min.. 

Temp, of test 
capacitor 
deg. fahr. 

Per cent 
humidity 

Capacitance of 
test capacitor 
m. m. f. 

Cm. deflec. 
1.5 X 10“ u 
amp. /cm. 

0:00 

45 

56 

295 

0.25 

1:00 

50 

49 

295 

0.75 

2.00 

55 

53 

295 

0.75 

3:00 

60 

54 

295 

0.20 

3:45 

65 

56 

296 

0.30 

4:20 

70 

56 

296 

1.00 

5:20 

75 

54 

296 

0.70 

5:55 

80 

54 

296 

0.70 

6:30 

85 

49 

297 

1.50 

8:00 

90 

44 

298 

0.00 

10:00 

95 

41 

298 

1.60 

10:45 

100 

35 

299 

0.00 

11:50 

105 

31 

300 

0.40 

12-35 

110 

20 

300 

0.20 


2. Humidity Effects at 25.5 deg. cent. (78 deg. fahr .)— 
Table II. Two runs were made at this temperature. In 
the first run, which continued for about ten hours, the 
voltage gradient used was 4000 volts per cm. (10.1 volts 
per mil), in both the a-c. and d-c. measurements. The 
relative humidity in the test condenser at the start of 
the run was 51 per cent and it was gradually increased to 
93 per cent. There was no evidence of continuous 
conduction current until the humidity reached 93 per 
cent; at that point the current suddenly increased to 
18 X 10 _u amperes and the readings became erratic. 
The test was stopped at this point. The a-c. bridge 
results also showed that the difference in the phase 
defect angles of the two capacitors was practically 
constant up to 93 per cent humidity. Above this 
point the phase defect angle of the test capacitor was 
3 minutes and 44 seconds, as compared to the standard. 
Readings were also taken at gradients of 2670 and 1350 
volte per cm., which checked those at 4000 volts. 

The second test at this temperature was made at a 
higher potential gradient of 5050 volts per cm., and 
continued for over 32 hr. The data given in Table II 
were taken during this run. The maximum tempera¬ 
ture variation was 1 deg. fahr., and the capacitance 
remained constant to within one-half of one per cent. 
The relative huinidity ranged from 68 to 91 per cent and 
the conduction current was zero up to 88 per cent 
humidity. Above this value it increased slightly, but 
did not become erratic. 

In this test the a-c. measurements were made using a 
1:1 ratio bridge and during the run the standard and 
test capacitors were interchanged a number of times. 


With the connections as shown in Fig. 3, the bridge 
measurements indicated that the phase defect angle of 
the test capacitor was three seconds, as compared to 
that of the standard. When the capacitors were 
interchanged the phase angle remained in the same side 
of the bridge; or in other words, the standard capacitor 
now had a power factor corresponding to three seconds 
of arc. Its source, therefore, lay in the bridge circuit, 
and we were not successful in eliminating it. In Table 
II the phase defect angle is reported as three seconds, 
the limit of the sensitivity of the a-c. bridge. 

These two runs prove that at 25.5 deg. cent, the 
conduction current in an air capacitor is zero for values 
of the relative humidity below 90 per cent, and that if a 
capacitor has a phase defect angle it remains constant 
below 90 per cent humidity. 

TABLE II 

HUMIDITY EFFECT AT 25.5 DEG. CENT. (78 DEG. FAHR.) 

Spacing of test condenser 0.18 cm. (70 mils) 

Gradient 5050 volts per centimeter (14.3 volts per mil; 

Voltage used In both alternating and continuous current tests, 1500 


Time 
hr. min. 

Tempera¬ 
ture of 
test cap. 
deg. fahr. 

Per cent 
humidity, 

Test cap. 
capacitance 
ra. m. f. 

Phase de¬ 
fect angle 

Ora. deflec. 
1.5 X 10- 11 
amp. /cm. 

0:00 

77.5 

68.0 

463.0 

3 sec. 

0.50 

1:15 

Placed water in trays in condenser chamber 

1:25 

78.0 

75.0 

463.0 

3 sec. 

0.50 

2:15 

78.0 

77.0 

463.0 

3 sec. 

0.50 

3:15 

77.8 

79.0 

463.0 

3 sec. 

0.50 

4:15 

77.8 

79.0 

462.5 

3 sec. 

0.00 

5:15 

78.0 

79.0 

462.5 

3 sec. 

0.25 

6:15 

78.0 

81.5 

462.0 

3 sec. 

0.25 

7:15 

78.0 

82.2 

462.0 

3 sec. 

0.50 

8:15 

77.8 

81.4 

462.0 

3 sec. 

1.50 

9:15 

77.5 

85.0 

462.0 

3 sec. 

0.25 

10:15 

77.5 

85.0 

461.5 

3 sec. 

1.00 

11:15 

77.2 

86.2 

461.5 

3 sec. 

0.50 

12:15 

77.0 

87.0 

461.5 

3 sec. 

0.50 

13:15 

77.0 

87.0 . 

461.0 

' 3 sec. 

1.50 

20:15 

77.0 

88.5 

461.0 

3 sec. 

6.75 

22:15 

77.0 

88.5 

461.0 

3 sec. 

3 00 

32:15 

77.0 

91.0 

461.0 

3 sec. 

7.00 


8. Humidity Effect at 31.7 deg. cent. (89 deg. fahr .)— 
Table III. This run extended over a period of thirty- 
two and one-half hours as the rate of change of water 
content was very slow. The results are given in Table 
III, As in the preceding runs readings were taken at 
several values of potential gradient, namely 4280, 
2860, and 1725 volts per cm. The values obtained at 
the lower gradients check those given in Table III. 
The humidity increased slowly and in some instances 
several hours elapsed between successive readings. A 
careful check of conditions was made throughout the 
run to prove that singular points did not exist. At the 
start the humidity was 40 per cent and at the end of the 
run it had reached 98 per cent. The conduction current 
through the condenser was zero for the entire run. The 
maximum deflection obtained at any time was three 
cm. and in the majority of cases was less than 0.5 cm. 

The results of the a-c. measurements in the Wien 
bridge showed that the phase defect angle of the test 
capacitor as compared to the standard did not vary by 
more than three seconds throughout the entire test. 
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TABLE III 

HUMIDITY EFFECTS AT 31.7 DEG. CENT. (80 DEG. FAHR.) 
Spacing of teat condenser 0.35 cm. (138 mils) 

Gradient 4280 volts per cm. (10.9 volts per mil) 

Voltage used, 1500 


Time 
hr. min. 

Temp, of test 
cap. deg. fahr. 

Per cent 
humidity 

Cm deflection 
1.5 X 10~ n 
amp./cm. 

0:00 

89.5 

40 

0.00 

0:30 

Placed water In trays in condenser chamber 

1:00 

•89.5 

46 

0.00 

1:30 

88.2 

40 

0.00 

2:30 

88.8 

48 

0.00 

3:30 

91.8 

51 

0.00 

4:30 

90.2 

53 

0.70 

5:30 

89.5 

56 

0.00 

6:30 

89.0 

61 

0.20 

7:30 

89.0 

62.5 

1.00 

8:30 

88.0 

62.5 

0.75 

9:30 

87.0 

71.0 

0.50 

10:30 

86.8 

73,0 

0.50 

11:30 

86.5 

79.0 

0.50 

12:30 

87.2 

80.0 

0.25 

13:30 

87.4 

82.5 

0.00 

14:30 

86.8 

84.0 

2.00 

15:30 

87.8 

86.0 

2.50 

17:30 

88.2 

86.0 

1.00 

10:30 

89.2 

88.0 

1.00 

22:30 

88.5 

87.0 

3.00 

25:30 

89.8 

90.0 

0.25 

26:30 

88.0 

90.5 

0.00 

32:30 

88.0 

98.0 

1.50 


This test indicated that at a temperature of approxi¬ 
mately 31.6 deg. cent. (89 deg. fahr.) and over a humid¬ 
ity range of 40 to 98 per cent relative humidity there 
was no change in the apparent phase defect angle of the 
capacitor and its conduction current r em ained zero. 

4- Humidity Effects at 87.8 deg. cent. (100 deg. fahr.). 
The run made at this temperature continued for twenty- 
four and a half hours, and a voltagegradientof4000volts 
per cm. was used. The relative humidity varied from 
34 to 90 per cent during the run. The continuous 
conduction current through the capacitor was zero up to 
90 per cent relative humidity, the galvanometer de¬ 
flections being all one-half cm. or less. At 90 per cent 
there was a sudden increase of conduction current to 
39 X 10 -u amperes and the test was discontinued. 

The Wien bridge measurements made at the sam e 
potential gradient indicated no change in the relative 
phase defect angles of the two capacitors up to 90 per 
cent humidity. At the 90 per cent point the test 
capacitor apparent phase defect angle was one minute 
as compared to the standard. 

The test showed that below 90 per cent relative 
humidity the conduction current was zero and the 
apparent phase defect angle remained constant. Above 
90 per cent the two changed in an irregular manner and 
definite values could not be obtained for them. 

Effect of the Introduction of Ions 
Ions were introduced into the space between the 
plates of the capacitor by four methods, (a) Lenard 
effect, (b) spark discharge, (c) smoke, and (d) dust. 
Ionization produced by the Lenard effect is caused by 
the breaking up of drops of water when they strike an 
obstruction. The fan was set running at 200 rev. per 
min., driving air having a relative humidity of about 


75 per cent, at a velocity of about 10 cm. per second, 
through the capacitor. Before the fan was started the 
conduction current was zero, but within less than ten 
minutes after starting the fan the current had reached a 
value of 15 X 10 -10 amperes. After running the fan 
for forty minutes it was stopped. About ten minutes 
later the galvanometer deflection came back on s ca le 
and the current gradually decreased. Ions produced 
by this method are very large and their mobility is low. 
The gradient in this test was 4000 volts per cm. and the 
current still persisted for several minutes after the fan 
had stopped. During the period that the fan was 
running, a measurement of the phase defect angle gave a 
value of 19 seconds. 

Ions produced by spark discharge are very small and 
possess such a high mobility that we did not succeed in 
introducing them into the space between the capacitor 
plates. Smoke is a more satisfactory method of intro¬ 
ducing ions into a capacitor. The size of these ions is 
intermediate between the electrons set free by the 
spark discharge and the large ions resulting from the 
Lenard effect. In Table IV are given data typical of a 
smoke ionization test. The relative humidity was low 
and the fan was used to drive tobacco smoke into the 
condenser. With the guard connected nor mal ly the 
ions were all removed by the guard ring, practically 
none reaching the main plate of the capacitor, and no 
appreciable change in either conduction current or 
phase angle was produced by the smoke. But with the 
guard connected to the main plate, i. e., operating as 
an unshielded capacitor, the conduction current rose to 
45 X 10 _u amperes, and the phase defect angle to 32 
seconds. The ratio of the width of the guard ring to 
spacing was 25 to 1 in this test. The phase defect angle 
as calculated from the conduction current does not 
check with the value found for the a-c. bridge measure¬ 
ment. It was not possible to take simultaneous mea¬ 
surements of loss and conduction current, and the 
volume of smoke varied. 

TABLE IV 
SMOKE 


Spacing 0.37 cm. (146 mils) 

Gradient 4050 volts per cm. (10.25 volts per mil) 

Voltage used In alternating and continuous current tests. 1500 


Time 
hr. min. 

Temp, of 
test cap. 
deg. fahr. 

Per cent 
humidity 

Capacitance 
of test cap. 
m. m. f. 

Phase dc~ 
feet angle 

Ora. defiec. 
1,5 X 10~ 11 
amp/cm. 


Dry air wit] 

lout eirculal 

1 

iion 

r -- 


0:00 

85.8 | 

47 1 

224 I 

3 sec. 1 

0.00 


Dry air, smoke, filtered 

through glass wool 


0.30 

85.8 j 

1 47 

224 1 

3 sec. 1 

2.25 


Dry air, smoke, blown directly into condenser 


1:00 

1 85.8 | 

47 | 

224 | 

3 sec. 1 

2.25 


Dry air, without smoke, guard, and main plate connected 


together 





1:30 

85.8 | 

1 47 | 

454 1 

0 sec. 1 

1.00 


! Dry air, smoke, guard, and main plate connected together 

2:00 

86.8 | 

47 | 

454 j 

32 sec. | 

30.00 


Attempts were made, without success, to introduce 
sufficient dust particles into the test capacitor to cause- 
conduction. Dust contains a large percentage of 
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carbonaceous matter and a sample was collected from 
the top of an instrument case about 8 ft. high, and 
placed on the lower plate of a small capacitor. At a 
voltage gradient of 4000 volts per cm. a slight haze was 
noticed and the particles could be seen vibrating be¬ 
tween the plates. After a few minutes the action 
ceased and when the plates were examined both the 
upper and lower plates were found coated with a closely 
packed layer of dust. Dust is a possible source of 
conduction and loss in air capacitors. 

It is evident from these results that the use of suitable 
guard rings will remove the small ions and electrons 
from air, but the large water vapor ions move so slowly 
that they can get by a guard ring even where the width 
is twenty-five times the spacing. It is clear also that if 
sufficient ions are introduced into the space between 
capacitor plates, they will cause conduction and produce 
a loss in an air capacitor. 



Fig. 4 

Curve I Conduction Current 
Curve II Surface Leakage 


Conduction Due to Fibers and Condensation on 
Insulation 

Fibers were a constant source of trouble. At the 
voltage gradients used the fibers would line themselves 
up with the electrostatic field, and as the plates of our 
capacitor were close together they would bridge the gap 
and cause conduction. In Fig. 4 is shown a curve of the 
variation of the conduction current with applied volt¬ 
age. In this test there was a large number of cotton 
fibers between the plates and the relative humidity was 
42 per cent. At higher values of humidity the curves 
were much steeper. 

In all our tests condensation on insulation was the 
limiting factor in the behavior of the air capacitor. 
The use of ozokerite helped to reduce this trouble, but 
did not eliminate it. Several tests were therefore made 
to determine the leakage current that would flow over 
the surface of a piece of insulation upon which moisture 
had condensed. In these tests the voltage was varied 
and a typical curve is reproduced in Fig. 4. 

The interesting thing about this leakage current 


curve and also for the fiber conduction curve, although 
to a lesser extent, is their similarity to the curve of the 
ionization current through a gas as it approaches 
breakdown. 

Conclusions 

The following conclusions may be drawn from this 
investigation: 

1. The normal ionization of the atmosphere is not 
sufficient to produce a measureable phase defect angle 
in a-c. measurements at commercial frequencies, involv¬ 
ing an air capacitor as a standard. 

2. The a-c. bridge observations indicate that any 
apparent phase defect angle in an air capacitor remains 
constant at values of relative humidity below 90 per cent. 

3. The continuous conduction current in a properly 
shielded and guarded air capacitor in quiet atmosphere 
is negligible at values of humidity below 90 per cent. 
Therefore such a capacitor may be considered as an 
ideal capacitance. 

4. In an air capacitor there are present in addition to 
ionization two sources of conduction, fibers bridging the 
plates and condensation on insulation. The latter 
may be reduced by placing a band of ozokerite, or other 
similar material, around each possible leakage path, and 
by keeping the humidity low. The leakage path should 
be made as long as possible. 

5. In an air capacitor it is advisable to insert a 
grounded metal plate in the solid insulation between the 
guard and high-tension plates. Such an arrangement 
eliminates practically all leakage current from the 
guard circuit. 

6. In a properly designed air capacitor a guard plate 
should be provided, but this guard ring cannot be 
relied upon to remove all "of the ions present in the 
atmosphere. 
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Synopsis.—Overhead transmission lines are usually considered 
to he a class of equipment subject to certain types of troubles which 
cannot be avoided by means accepted as ordinary practise . It is the 
purpose of this paper: ( 1 ) to describe improvements in design of 
wood pole lines of the 33,000-volt class , which improvements have 
been developed and applied to the system with which the authors have 
been identified and which, it is believed, will greatly reduce the 
characteristic troubles, (3) to present an explanation of flashovers on 
wood structures , (8) to give the facts found in field investigations 
which form the basis for the improvements adopted, and (4) to 
describe the method used for field investigations and analysis of 
troubles . 

The studies and investigations referred to deal primarily with the 
matter of insulation . Considerable information relative to the 
insulation values of wood in a structure as developed by laboratory 
tests has been published. Experience is cited in this paper to show 
the value of wood insulation in the structure developed from field 
experience on 33,000-volt lines, and there is presented a practical 
economical design of wood pole structures using wood braces, in 
place of the usual metal braces, which, it is believed, will be practically 
immune to lightning troubles. Data from laboratory tests are given 


to substantiate the conclusions developed in the field investigations « 
The performance of insulators with respect to mechanical and 
electrical breakage is shown and the use of insulators of more sturdy 
designs is discussed. 

The most important conclusions are: 

1 • The lightning performance of wood pole transmission lines of 
moderate voltage can be greatly improved by the elimination of 
bonding, or partial bonding between insulator supports such as 
? esults from the use of steel crossarms or steel crossarm braces ; and 
by the use of wood or other insulators in guys . 

8. The record of wood pole overhead lines with ground wires and 
the information developed in the paper show that overhead ground 
wires as usually installed do not materially improve the operation 
of the lines. 

3. Insulator breakage can be greatly reduced by the use of the 
more sturdy insulators which are available. 

4- Field investigations, analysis of records of operation and 
troubles, and interpretation of results, systematically earned out, 
can result in great improvement in system reliability, and in better 
utilization of investment. 

* * * * * 


Introduction 

UR present electricity supply systems are charac¬ 
terized by the concentration of power generation 
in large stations and the supply of loads from 
transmission systems. The quality of the service is 
accordingly a function of the dependability of the 
transmission lines. It is therefore of basic importance 
that every means be utilized in both the design and the 
operation of our transmission lines to make them the 
utmost in reliability. 

Within the past few years, remarkable engineering 
progress has been made with respect to the higher volt¬ 
age lines; but until recently, lines operating at the lower 
voltage, i . e., 66,000 volts and below, have received only 
passing attention, the supposition apparently being that 
these have been so well standardized in principles of 
design that they are about as satisfactory in operation 
as can.be reasonably expected. The principal loads are 
directly dependent upon the lower voltage lines which, 
from this point of view, constitute the heart of any sys¬ 
tem. The material in this paper is based upon inves¬ 
tigations and experiences with lines of this classi¬ 
fication, with which the authors have been identified. 

Their work in this connection has been principally 
with 33,000-volt wood pole lines. However, the 
principles a nd methods described are adaptable to lines 

^Public Service Company of Northern Illinois, Chicago, 
Illinois. 

fJeffrey-DeWitt Insulator Co., Kenova, W. Va.: formerly 
with the Public Service Co. of Northern Illinois. 

Presented at the North Eastern District Meeting of the A. I. E. E., 
Springfield, Mass., May 7-10,1980. 


of other voltages using wood pole construction, and in 
some respects, to all lines. 

Description of System 

The system with which the authors have carried out 
their work covers an area of approximately 6000 square 
miles in the northeastern part of Illinois. The major 
portion of the energy is generated in two large stations 
at 12,000 volts, with a considerable part also furnished 
from stations of other companies associated with the 
interconnected system of the Chicago region. The 
interconnections between principal generating stations 
and with major distribution centers are at 132,000 volts. 
The intermediate voltage system, which is the direct 
transmission supply for most of the loads, operates at 
33,000 volts, although a voltage of 12,000 direct from 
the station busses is used for loads close to the generat¬ 
ing stations. 

The mileage of each type of line is shown in Table I. 

The 132,000-volt lines are of steel tower construction 
with overhead ground wires. The 33,000-volt and 
12,000-volt lines are of wood-pole construction with 
steel structures used in special situations. The terri¬ 
tory traversed by these lines is all of essentially the 
same character, most of it being flat or slightly rolling, 
and cultivated. Neutrals of all three sys tems are 
solidly grounded, although one portion of the 33-kv. 
system uses a neutral resistance distributed among 
several grounding points. 

The wood-pole construction for both voltages, except 
that recently installed, is principally of the conventional 
type illustrated by Fig. 1. The insulators in general. 
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except those recently installed, are of the pin type of 
so-called 45,000-volt rating, and are multi-part porce¬ 
lain, two-piece and three-piece. Overhead ground wires, 
except on a few of the older lines, are not in use on the 
wood-pole construction. 

Investigations of Line Performance 

Detailed investigations and analysis of all troubles 
and accurate systematic records and summaries of the 
operation of the 132,000-volt lines have given a basis 
for the design of these lines that is resulting in a highly 
satisfactory performance. The results of this work 
have brought out the necessity of devoting similar 
attention to the intermediate-voltage system. 

Interruptions of 33,000-volt lines more frequently 
result in interruption to substations, and to customers 
directly served, than do interruptions of the high- 
voltage interconnections. Furthermore, the former 



Fig. 1 — Typical Wood Pole Construction 12- and 33-Kv. 

Lines 

occur more often. From this point of view, the inter¬ 
mediate voltage lines and substations are considered the 
heart of the system and warrant the exercise of every 
reasonable means of improving their performance. 
Accordingly, investigations of the performance of these 
lines, carried on over a period of years, have finally 
culminated in the plan of investigation described and in 
the records illustrated. This has given the required 
information upon which to base improvements in design. 

When the work of collecting data was started, an 
attempt was made to derive conclusions from repair¬ 
men’s reports sent in from the field. The result was 
unsatisfactory, for while the extent of damage was 
quite completely described, the information needed for 
proper analysis of the trouble was not included. 

Investigation by an engineer in several cases showed 
that much information not usually obtained was avail¬ 
able with reference to cases of trouble, from which the 
cause and manner of failure could be determined. 
Engineers whose first duties were to make field investi¬ 


gation of trouble immediately following its occurrence 
were accordingly assigned to this work. 

In cases in which it was necessary to obtain the facts, 
poles were climbed and a minute examination made. 
The following information was reported: 

1. Number of insulators flashed (position on 
structures). 

2. Path of arc (phase to phase) (phase to ground). 

3. Guys, if any, and location. 

4. Overhead ground wire, if any. 

5. Earth connection and where connected (to 
hardware, or overhead ground wire, etc.). 

6. A small sketch of the structure and associated 
equipment. 

7. Exact location of all burns on insulators, tie wires, 
conductors, and hardware. 

8. Location of all splinters and burns on crossarms 
or pole. 

All cases of trouble are reported by the repair men 
who fill out a form provided, giving details of the trouble 
and repair work. The system operators’ daily reports 
giving the detailed log of all switching operations, are 
received each morning and show what trouble has 
occurred during the preceding twenty-four hours. 
The engineers promptly make field inspections of 
all situations requiring their attention, to obtain 
data to supplement that given by the repair reports. 
In addition to this, a system operator’s report 
is made out for each case of trouble, which shows the 
switches which opened, and all pertinent data relative 
to the system as affected by the trouble. 

Reports of the bi-weekly line patrols of each line, 
showing location of broken insulators and other line 
defects, and the reports of regular line repairs also 
constitute an important source of information relative 
to line performance. 

A card file,by lines is kept, which is used as a working 
record and follow-up system for investigations in 
progress. 

An insulator-record book is used in which is shown 
by lines, the insulator replacements reported and the 
engineer’s inspection report on each insulator removed. 

Each special investigation of trouble is covered by a 
report, these reports being filed by lines. 

A chronological summary of the operating record for 
each line is kept, which shows for each interruption the 
time and duration, the interruption report number, and 
the cause. This summary, together with the other 
information described above, forms the basis for the final 
analysis as shown by Tables I, II, V, and VII. 

Insulators are more susceptible to defect than any 
other single piece of equipment, and they are of para¬ 
mount importance in maintaining service. Therefore, 
the practise of inspecting all insulators removed because 
of defects has been established. By this means, correct 
and complete information is obtained relative to the 
performance of various makes and designs of insulators, 
and a proper basis is set up for their selection and use. 
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The insulators when removed are marked by cloth 
tags to show reason for removal and location from which 
they are taken. An engineer makes an inspection at 
the earliest opportunity and records the location, type 
of insulator, cause of removal, and character and extent 
of damage. The information obtained from the insu¬ 
lator inspection is correlated in cases of electrical 
trouble with all other information on the case of trouble 
concerned. 

Data collected in this way are of much use as a source 
for specific items of information needed from time to 
time with reference to the transmission system, but the 
most significant and valuable benefits cannot be derived 
from such information unless special effort is directed 
toward systematically analyzing and s ummari zing it. 
Use for much of the detailed information collected is 
not foreseen at the time it is recorded, but new questions 
and problems are continually arising for the answering 
of which the information is eventually utilized. It has 
been felt as the result of this experience, that no item 
of information in connection with the investigation of 
trouble or line performance is too insignificant to record. 

The summary of line performance with respect to 
lightning and insulator damage is shown in Table I. 
This shows the comparison of operation of the lines of 
different voltages. The trip-outs indirectly due to 
lightning are those caused by lightning disturbances on 
lines or parts of the system other than the ones on which 
the trip-outs counted in this classification occurred. 
The larger proportion of flashovers which were found on 
plain structures, that is, those without guys or grounds, 
in comparison with those found at guyed or grounded 
locations is of significance. It is also of interest to 


TABLE I 

SYSTEM MILEAGE AND SUMMARY OF LIGHTNING. 
FLASHQVER. AND INSULATOR PERFORMANCE. 1929 


Mileage 

132 Kv. 

33 Kv. 

12 Kv. 

Wood pole construction. 

0 

1045 

130 

Steel tower construction. 

297 

25 

10 

Operating Record 

Line trip-outs directly due to lightning per 
100 miles.. 

1.00 

45 

15 

Line trip-outs indirectly due to lightning 
per 100 miles. 


20.5 

12 

Total cases of insulator flashover located 
per 100 miles. 

1.00 

36 

28 

Oases of insulator flashover located on 
lines with overhead ground wire per 100 
miles of this type line. 

1.00 

20 

Oases of insulator. flashover located on 
grounded structures per 100 miles. 


11.5 

6.9 

Oases of insulator flashover located on 
structures with guys but no grounds per 
100 miles. 


9.5 

7.1 

Oases of insulator flashover located on 
structures not guyed or grounded per 
100 miles. 


15 

14 

Oases of insulator flashover located on 
pole top switches per 100 switches. 


11 

3.3 

Oases of insulator flashover located on 
steel towers per 100 towers. 


7 

4.2 

Number of insulators changed due to elec¬ 
trical damage per 100 miles. 

5.15 

75.0 

58.5 

Number of insulators changed due to ex¬ 
ternal breakage per 100 miles. 

8.1 

139.0 

204.0 
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point out that in practically all cases of the former two 
or three insulators were flashed over. 

The excess of the number of 33,000-volt direct light¬ 
ning trip-outs over the number of flashover locations 
found is explained by the fact that flashovers frequently 
occur which do not leave sufficient evidence to be 
visible from the ground to the line patrolman. 

Table II shows the classification of interruptions 


TABLE II 

CLASSIFICATION OF INTERRUPTIONS RESULTING FROM 
AUTOMATIC OPENING OF OIL SWITCHES 


12-Kv. and 33-Kv. Lines 

Jan. 1—Dec. 31, 1929 

Cause 

Per cent of 
total 

interruptions 

Lightning, direct. 


Lightning, indirect. 


♦Failure of insulators other than during lightning storms 
Failure of system oquipment external to the line 

System disturbance exclusive of those due to lightning.... 
Accidents. 

1.8 

5.1 

18.5 

Trees. 

c 

Wind, snow, ice, or other atmospheric conditions 

Animals. 

. o 

1.8 

A 

Operating errors. 

. & 

o 

From lines interconnecting with other companies 

Unknown. 

. w 

2.0 

6.3 

*Due principally to insulators with cracked porcelain parts which failed 
during wet weather. 


according to causes. It will be noted that the number 
of interruptions due to lightning was greatly in excess of 
those due to any of the other causes. 

Lightning Flashovers 

The best construction of the type generally used for 
wood-pole lines, and the use of better and higher voltage 
insulators has been ineffectual in improving the light¬ 
ning performance. It was accordingly found necessary 
to consider other means to decrease the susceptibility 
of the lines to lightning. 

Satisfactory explanation of the way in which the 
lightning flashovers occurred was not available, and a 
climbing inspection of a number of poles in widely 
scattered locations on which lightning flashovers had 
taken place was therefore undertaken for the purpose 
of finding out just what had happened. The types of 
structures inspected, the character of bums located, and 
the arc paths, are illustrated by Figs. 2 and 3. The 
results of the inspection are classified in Table III. 

From this table, it can be seen that out of 47 struc¬ 
tures on which flashovers were investigated, 19 struc¬ 
tures without guys or grounds showed evidence of 
line-to-line arcs which did not go to ground. On 
the remaining 28 structures with guys or grounds, 
20 flashovers went to ground, while 8 took place 
between conductors only. These latter were in loca¬ 
tions where there was some separation on the pole be¬ 
tween crossarm and guy. This information shows that 
a considerable number of all flashovers due to light¬ 
ning occur on unguyed and ungrounded structures. 
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The following observations are derived from this 
information: 

1. On poles not grounded or guyed, phase-to-phase 
flashovers occur without arcing to ground, the arc 
utilizing the steel brace with wood crossarm construe" 
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Fig. 2—Conventional Construction. + Indicates Burns 
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(B) Guyed Structure 

Fig. 3—Steel Arm Construction 

tion, or the steel crossarm, as part of the short-circuit 
path. 

2. On grounded structures the flashovers are from 
line to ground, usually involving more than one phase. 
The flashovers to ground of the different phases on any 
one structure, may or may not occur simultaneously. 

3. On guyed structures, with the guy separated on 
the pole from the steel arm or brace, line-to-line flash¬ 
overs frequently occur without power arcs to ground. 


4. Splinters found on poles between crossarms and 
guys with bums on insulators or conductors and on arms 
or braces, but with no bums on the guys, indicate that a 
power arc has taken place between conductors, but that 
the lightning has taken a path to ground over the guy 
without a follow-up power arc. 

The operating record of the 132-kv. lines in the terri- 


TABLE III 

ANALYSIS OP PATH OP PLASHOVEB8 ON WOOD STBUOTURES 





Number 
of struc- 


Line-to- 




tures on 

Line- 

ground or 



Number 

which no 

to- 

guy burns 



of 

burns 

line 

on one or 



structures 

were 

burns 

more con- 

Type of structure 

Figure 

inspected 

found 

only 

ductors 

Steel brace, 






wood x-arms, 
no guys, 
no grounds 

2-B 

14 


14 


Steel X-arm 






no guys, 
no grounds 

3-A 

79 

74 

5 


Totals 

without guys or grounds 
Guyed or 

2-A 

93 

74 

19 


grounded 

structures 

2-0 

17 


1 

16 

Guyed structure 






steel x-arm 
no ground 

3-B 

16 

5 

7* 

4 

Total, 

guyed or grounded 
Total, 


33 

5 

8 

20 

all structures 


126 

79 

27 

20 


*Of these seven, four showed pole splinters between steel crossarm and 
guy. 


tory concerned shows that lightning voltages high 
enough to cause flashovers seldom occur. The light¬ 
ning flashover value of the insulator strings based upon 
the wave used by the Pittsfield Laboratory of the 
General Electric Company and the calculated protective 
ratio of the overhead ground wire, are such that flash- 
over should not occur with induced voltages below 37 
kv. per foot. Therefore, the induced lightning voltages 
on lines carried on wood-pole structures, such as those 
used for 33,000-volt lines, with the conductors about 33 
ft. above the ground, should rarely exceed 1250 kv. 
The lightning voltage required to flash over the wood- 
pole structure to ground is estimated to be of the 
order of 3000 kv. minimum, which is considerably 
higher than the voltages actually occurring as given 
above. 1 This reasoning supports the observation made 
from the inspection of structures that flashovers occur 
on plain (non-grounded or non-guyed) structures with¬ 
out arcing to ground. 

Consideration of the large number of lig h tni n g 
flashovers which occur on plain structures, in relation 
to information which has been published on relative 
frequency of low and high values of lightning surge 
voltages, also appears to warrant the conclusion that 
many power arc flashovers must occur at voltages 

1. For references see Bibliography. 
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much lower than those required for complete structure 
spark-over. 2 

The evidence and reasoning so far presented lead to 
the conclusion that flashovers on 33,000-volt wood pole 
construction occur at lightning surge voltages below 
those required to spark over the entire structure, and 
that these flashovers are line-to-line rather than 
from line to ground. 1 - 2 - 2 Inspection of the locations 
where flashovers have occurred and the information in 
Tables I and III show that flashovers are reasonably 
well divided between guyed or grounded structures, and 
plain structures without guys or grounds. Both 
classes of trouble have an important bearing on the line 
performance and must be materially reduced for satis¬ 
factory operation. Flashovers on guyed or grounded 
poles are readily explained by the fact that the lightning 
spark-over value of this type of structure is only that of 
the insulator alone or of the insulator plus the small 
distance over the wood arm from insulator pin to steel 
brace. This is obviously quite low on 33-kv. lines. 

The following explanation of flashovers on plain 
structures is offered. The voltage distribution between 
line and ground over the insulators and structure is such 
that the voltage stress over the insulator, or between 
line and crossarm brace, is high enough to cause spark- 
over or incipient sparks between line and brace only, at 
voltages lower than those required for structure spark- 
over. The 60-cycle voltage on the line causes a power 
arc to follow over the simultaneous lightning sparks 
from more than one conductor to brace, and a short 
circuit is established from line to line through the brace. 
In some instances on guyed structures, as indicated by 
observations four and five referring to Table III, the 
evidence indicates a line-to-line short circuit with¬ 
out a power arc to ground, but with the lightning taking 
a path to ground through the guy. 

New 33,000-Volt Structure Design 

It was apparent from the foregoing investigations 
that if material reduction were to be made in the 
number of lightning flashovers a radical change in 
design would be required. Experience with insulators 
of higher voltage rating in certain locations indicated 
that these alone would not give appreciably better 
results. More effective use of the inherent impulse in¬ 
sulation value of the wood in insulators was obviously 
necessary.'- 8 - 4 Thenext steps to be considered were the 
elimination of the conducting crossarm brace and an 
increase in the separation between conductors on the 
structures. It was believed that if these objectives 
could be accomplished, line-to-line short circuits could 
not occur except at a lightning surge voltage high 
enough to cause complete structure flashover. The 
design shown in Fig. 4 was accordingly worked out. 

It will be noted that this allows approximately 9 ft. of 
wood between insulator pins. The wood braces are so 
arranged that the distance on the crossarm from the 
point of attachment of the brace to the pole is equal to 


the distance between metal fittings on the brace. The 
dimensions selected were the result of using a standard 
crossarm to obtain the maximum practical separation 
between conductors. Separation less than 9 ft. might 
be reasonably satisfactory, but the resultant saving 
would be small and certainly not worth the chance 
that such lesser separation might not be satisfactory. 
It is believed that with this construction, incipient 
sparks forming over the insulators will not develop 
into short circuits, and that the only flashovers will be 
those caused by lightning voltages of such character and 
magnitude as to cause complete structure flashover 
toground. 

Evidence of the effectiveness of eliminating conduct¬ 
ing parts between conductor supports on wood-pole 
construction in preventing line-to-line flashovers has 
been furnished by the performance of an H-frame line 
built with the same insulation as the standard 33-kv. 



4 New Design, 33,000-Volt Wood Pole Construction 

wood-pole lines, but with a 5-ft. separation between 
insulator pins and with no metal braces short circuiting 
any portion of the wood crossarms. Investigation of 
all locations where flashovers had been found showed 
'that the flashovers, with one exception, were all to 
ground on guyed structures. One case was found 
where a line-to-line flashover had occurred over the 
five feet of wood between insulator pins. This indi¬ 
cated that a separation of more than five feet on a 
wood-structure would generally be sufficient to prevent 
33-kv. line-to-line short circuits, except for occa¬ 
sional unusually severe lightning voltages. 

If flashovers of the plain structures are prevented by 
the new design, the guyed structures become the most 
susceptible to flashover. The obvious solution is to 
provide as much insulation as possible with respect to 
lightning between the line conductors and the grounded 
portions of the guys. This is accomplished by attach¬ 
ing the guys to the poles as far as possible below the 
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crossarms or insulator attachment to the pole, and by 
adapting the wood crossarm brace in tension as a guy 
strain insulator, with two of them used in series on 
each guy. 

The vertical comer construction in use was modified 
to a design with a six-foot separation between conductors 
on the pole, wood-guy strain insulators, and the guys 
attached to the pole midway between line insulator 
attachments. The line insulation on comers was 
increased to three insulator units (6.5-inch spacing) 
in series. Maximum use is thus made of the inherent 
insulating value of the wood in the structure. 

The design of the wood brace and guy insulator, 
illustrated in Fig. 5, is interesting. A wedge assembly 
is inserted into a saw-cut at the end of the wood mem¬ 
ber. The assembly is held together by means of steel 
plates on the outside of the wood, bolted as shown. 
The straps which take the load are slotted lengthwise. 



Detail of Steel Straps 
Showing Elongated Holes 

(B) SIDE VIEW 



(C) Detail of End Fitting of Guy Strain Insulator 
Note: Assembly Same as for Brace Except 
That End Fitting Shown is Used 


Fig. 6—Wood Crossarm Brace and Guy Strain Insulator 

When tension or compression load is applied to the 
brace, the load is transferred from the end straps to 
the wood member by means of the wedge, which places 
the wood between the wedge and outside plates in 
compression with the bolts acting in tension. The 
slots in the end straps prevent shear on the bolts.. 
The guy strain insulator under test develops a mayimnm 
strength in tension of 16,000 lb., the failure occurring 
in the end straps. The strength developed is not 
required of the brace, but this design was considered 
necessary for satisfactory assembly on the structure and 
for satisfactory operation during the life of the structure. 

In order to obtain information as to the expected 
lightning performance of the new design, tests which 
gave the following approximate results were made with 
the cooperation of the General Electric Company at the 
Pittsfield high-voltage laboratory. 

Tests on a, guyed structure without guy insulators, 
using the old design, Fig. 1, and 45-kv. insulators, 
showed a lightning spark-over value of less than 400 
kv., the insulator spark-over by itself occurring very 


close to the value required for complete structure 
flashover. On a plain wet structure without guys or 
grounds, using a 14-ft. effective length of pole and 70- 
kv. insulators, spark-over of the insulator itself occurred 
at about 900 kv., whereas the structure spark-over 
value was 2600 kv. The tests with a wet pole showed 
that with increasing height, the value at which the 
insulator spark-over occurred remained very nearly 
constant, while the structure spark-over value naturally 
increased with increasing length of pole. With a 45-kv. 
insulator the incipient spark-over on the insulator alpne 
would have taken place at a value somewhat less than 
900 kv. The value of lightning voltage at which this 
incipient spark takes place is considered to correspond 
to the value at which a 60-cycle arc would form as a 
short circuit between conductors with the steel-brace 
construction. 

Tests with dry poles showed that spark-over of both 
the insulator and the complete structure took’ place 
almost simultaneously at nearly the same values of 
voltage. 

The tests accordingly indicate that’ the line-to- 
line flashovers which take place on plain structures at 
low lightning-surge voltages may occur only when the 
structures are wet or possibly in connection with 
weathered or dirty structures whose behavior in the 
field is something like that of wet structures. 

Tests of the new design, Fig. 4, showed the lightning 
spark-over value of the guyed structure without insu¬ 
lators in the guy to be approximately 1040 kv. The 
lightning generator arrangement used in these tests 
would not give sufficient voltage to cause structure 
spark-over with two insulators in the guy, but it is 
estimated, on the basis of correlated test data, that the 
two wood insulators to be used in the guy would raise 
the lightning spark-over value of the structure to 
approximately 1800 kv. It is believed that this is 
above the range of the usual maximum l i g htning -surge 
voltages which appear on the lines. 

Pole-top switches appear to be especially susceptible 
to lightning flashover. These have heretofore been 
installed on wood poles by means of a grounded steel 
supporting frame. It was recognized that, if the trou¬ 
ble on the pole top switches were to be prevented, the 
same principles worked out for the new line construc¬ 
tion would have to be applied to the pole-top switches. 
The matter has been taken up with the manufacturers, 
and several have worked out designs using wood-frame 
mountings with increased separation between phases, 
with wood-insulator interconnecting units in the oper¬ 
ating mechanism and in the operating rod, and with 
only the operating handle grounded. 

Another question which must be considered in con¬ 
nection with the new construction is the relation of line 
flashover value to that of station equipment flashover 
value. The change in design on the plain structures 
does not give a flashover value to ground materially 
different from that on old construction. However, the 
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use of insulation in the guys will greatly raise the flash- 
over value of all guyed structures. Lines entering 
substations are usually built with guyed structures 
close to the line terminal. 

These locations in the past have apparently been 
acting as safety valves,” as their flashover value has 
usually been below that of the station insulation. A 
failure in the insulation of station equipment, however, 
is generally so much more serious that it is important to 
have the flashover of these “safety valves” always 
coordinated with the station insulation. Out on the 
line away from station equipment, the insulation may 
be as high as the economics of the situation will permit, 
but adjacent to the station, the insulation should be 
reduced to a value below that of the station equipment. 
To prevent service interruptions due to flashover at 
these points of reduced insulation, lightning arresters 
may be used. If the lightning arresters function 
properly, the reduced insulation should not flash over; 
if the lightning arresters do not function properly, the 
reduced insulation acting as “safety valves” prevents 
breakdown .of the station equipment. In case it is 
considered that lightning arresters are not economically 
feasible because of the small amount of power being 
transmitted or the relatively small amount of equipment 
at the station, the use of fused arcing devices or their 
equivalent may provide one solution to the problem. 

The effect of the line insulator with respect to the 
lightning spark-over of a wood-pole structure not guyed 
or grounded is relatively small. The lightning spark- 
over value of a 45-lcv. insulator alone is about 260 kv., 
while that of an average 30-foot pole with crossarm is 
about 6000 lev. 1 On a guyed structure of the new design 
with an estimated lightning spark-over value of 1800kv., 
the line insulator will still contribute only a small part 
of the total insulation against lightning. The size of 
the insulator for lines of this class therefore appears to 
be relatively unimportant on a structure well-insulated 
from ground for lightning voltages, and will be deter¬ 
mined by the requirements with respect to preventing 
leakage of power current of normal frequency. 

Overhead Ground Wires 
The effectiveness of overhead ground wires on wood 
structures in reducing interruptions due to lightning 
has been an open question. 6 Overhead ground wires 
were removed from certain lines several years ago. 
Records before and after removal show no consistent 
difference in performance. Comparison of performance 
of the small mileage of lines still equipped with overhead 
ground wires with other lines in the same territory 
without ground wires shows the same result. This is 
illustrated by Table IV, which shows the two-year 
record of the performance of several lines with overhead 
ground wires. It is of interest to compare this record 
with that for the entire 33,000-volt system as given 
injTable I. 

The overhead ground wires are of either %-in. gal- 


TABLE IV 

LIGHTNING PERFORMANCE OF LINES WITH OVERHEAD 
GROUND WIRES 


Line 

Length in miles 

Number of trip-outs 
directly due to 
lightning, 1928, 
per 100 miles 

Number of trip-outs 
directly due to 
lightning, 1929, 
per 100 miles 

A 

31.13 

* 29 

51 

B 

26.44 

33 

57 

C 

30.82 

20 

10 

Total* 

88.39 

27 

30 


Totals figured by adding all T.O. and dividing by total miles. 


vanized steel or J^-in. copper covered steel and are 
carried either on the pole top or at the end of a four- 
ft. crossarm, the other end of which carries one con¬ 
ductor. Earth connections are made at intervals of 
about every 600 to 800 ft. The down leads are fastened 
directly to the poles for the entire length and are ter¬ 
minated in ten-ft. galvanized ground pipes. 

The difference between the effectiveness of the over¬ 
head ground wires as usually installed on wood struc¬ 
tures, and on metal towers,* is readily explained by con¬ 
sideration of the reduction in flashover value of the wood 
structure due to the presence of the ground wire. The 
presence of the ground wire reduces the flashover value 
of the structure in considerably greater proportion than 
it reduces the surge voltage on the conductors. 

It is also probable that this reduction of induced 
voltage is in many cases not sufficient for the value of 
the lightning surge voltage on the conductors to be 
below the voltage at which incipient insulator spark- 
over will cause short circuits through the steel brace, as 
previously discussed. 

Overhead ground wires on wood pole lines would 
undoubtedly be effective in reducing the number of 
outages due to lightning, if installed with low values of 
surge impedance and good earth connections and in such 
a manner as to maintain the lightning insulation value 
between conductors and ground wires above the values 
of lightning surge voltage for which a line is designed. 
The elimination of metal crossarm braces, the installa¬ 
tion of the down-lead ground connections insulated by 
air or otherwise from the pole tops and conductors, and 
the use of insulated supports for the overhead ground 
wire, are methods which assist in increasing its 
effectiveness. 

Except where lightning conditions are severe, it is 
probable that wood pole lines without metal cr ossar m 
span braces and with well insulated guys built without 
overhead ground wires will withstand most lightning 
surge voltages appearing on the conductors. In situa¬ 
tions where splitting of structures from lightning is 
serious, the overhead ground wire, if installed so that the 
flashover value of the structure is not too greatly de¬ 
creased, may be justified. The use of protective gaps 
to prevent structure damage should, of course, also be 
considered. The number of cases of li gh tning damage 
to wood structures on the system described has not been 
considered sufficient to warrant the general use of 
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protective measures with respect to pole or crossarm 
splitting. 

Insulator Performance 

The study of damaged insulators removed from the 
line has yielded valuable information relative to the 
service obtained from insulators of various types. The 
total amount of insulator damage on the system from 
both electrical causes and from external breakage is 


A large percentage of the three-piece insulators are of 
designs now obsolete, which have developed many 
shell cracks. 

It is also seen that a considerable number of both 
types of insulators is flashed but not broken, while 
about the same number has only one skirt broken and 
a much smaller number is shattered. These figures 
give an indication of the number of insulators which 



Fig. 6 —Insulator Damage per Month for the Year 1928 


shown by Pigs. 6 and 7. Insulators replaced in connec¬ 
tion with the annual line-insulator testing program are 
not included. The curves, together with the last two 
items in Table I, indicate that replacements are an item 
of considerable expense. The external breakage is 
shown to be more than twice the electrical damage. 
Fig. 8 shows a portion of a study of one line upon which 
an unusual number of damaged insulators has been 
replaced. This study was made with the object of 
visualizing the effect, if any, of the geographical and 
physical characteristics of the line upon the insulator 



Fig. 7 —Total Insulator Damage During the Year 1928 


performance. The electrical and mechanical insulator 
damages are shown for each group of ten poles through¬ 
out the length of the line. 

Table V gives an analysis of damage to insulators 
replaced on account of defects from electrical causes. 
This does not include all insulators flashed over during 
this period, as many arc-overs occur which do not 
damage the insulator sufficiently to be located. It will 
be noted that the greater percentage of insulators 
broken are of the two-piece type. This may be due to 
the difference in design of the two-piece and three-piece 
insulators, the latter being generally made up of shorter 
and thicker skirts of a smaller diameter than the former. 
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remain on the line in a more or less hazardous condition 
after a flashover occurs, and until they are discovered 
by patrol and replaced. 

A study of the records indicates that there is little 
difference in the susceptibility to lig h tning flashover 
between obsolete and new insulators. However, the 
data show quite conclusively that certain types of the 

TABLE V 

CLASSIFICATION OF INSULATOR DAMAGE FROM 
ELECTRICAL CAUSES 
__ Jan - 1 —Dec. 31, 1927 


Nature and extent of damage 

Quantity of 
insulators 
damaged 

- i 

Damaged insula¬ 
tors per 1000 in 
service of each 
type 

2-piece 

3-piece 

2-piece 

3-piece 

Small burn (not bad enough to 

replace). 

Flashed but not broken... 

One skirt broken. 

More than one skirt broken.... 

Shattered. 

Broken but unclassified_ 

Total. 

17 

84 

82 

15 

19 

17 

234 

16 

104 

112 

22 

31 

35 

320 

0.485 

2.4 

2.34 

0.429 

0.543 

0.485 

6.69 

0.183 

1.22 

1.32 

0.259 

0.264 

0.412 

3.76 


Total—2-piece insulators in service—35,000 
Total—3-plece insulators in service—85,000 


old insulators are much more susceptible to shattering 
than modem insulators, when flashover occurs. When 
shattering occurs, the line will often not go back into 
service, or the wire will drop onto the crossarm ca using 
a structure fire. It appears that the cracks in the top. 
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shells of the old insulators are an important factor in 
this kind of trouble. 

The performance of the old insulators with shell 
cracks has been a matter of much concern. A line- 
insulator testing program which has been under way for 
several years has resulted in the removal of a large 
number of the cracked insulators from service. How¬ 
ever, visual inspection of insulators in service and of 
those removed from service for various reasons other 
than the test program, indicates that because of the 
progressive cracking which occurs, the lapse in time 
between test periods, and the difficulty of picking out 
clean cracks, a considerable number of insulators with 
cracks is continually in operation. Records are avail¬ 
able of two 33,000-volt lines, each with a different type 
of 45,000-volt insulator. In one case 89 per cent of the 
insulators had top-shell cracks, while in the other case 45 
per cent were so affected. There were no cases of 
insulator failure (electrical breakdown through the 
porcelain) on these lines during 1929. 

A good many cracks are also found in the center and 
bottom shells, and inspection of the insulators which 
have failed, frequently discloses old cracks in more than 
one shell. There is, accordingly, good ground for the 
belief that with 45,000-volt insulators on 33,000-volt 
lines, cracking of only the top shell does not seriously 
affect the operation of the line, and that the insulator 
failures which cause interruptions are practically all due 
to the failure of the porcelain in more than one shell. 
The study of cases of trouble in which conductors were 
burned down or in which structures were burned shows 
that the types of insulators in which cracks were preva¬ 
lent, largely of the older types, were largely responsible 
for the conductor or structure failures aside from cases 
of lightning flashover. This is shown by Table VI. 


TABLE VI 

NUMBER OP OASES OP OONDUOTOR OB STRUCTURE 
FAILURES AS INFLUENCED BY INSULATOR CRACKING 



With insulators 
free from 
cracking 

With insulators 
subject to 
cracking 

Conductor burned down due to light¬ 
ning flashovers. 

22 

19 

Conductor burned down due to insu¬ 


lator failure (not lightning). 

0 

19 

Total. 

22 

38 

Structure burned due to insulator fail¬ 


ure (not lightning). 

0 

103 


installations of thick porcelain one-piece insulators were 
made in locations where an extraordinary amount of 
breakage was being experienced. The results are shown 
*** F*g* During 1928, with two-piece insulators, 
breakage was especially severe between poles 176 and 



204, in the vicinity of a schoolhouse. One-piece 
.insulators were installed on these poles early in 1929, 
and since that time no replacements have been required 
on account of breakage. 

A large number of the one-piece sturdy insulator s 
placed in service during the past year have given an 
especially satisfactory record of operation. Of the 
total of 5000 installed during 1929, only five have 
required replacement because of br eakag e 

Two types of one-piece insulators are being used, both 
being selected primarily on account of their ruggedness. 
Other points, such as dependability of manufacturing 
processes and freedom from some of the causes which 
are believed to have contributed to troubles with multi¬ 
part insulators, were also considered. One type is 
similar in shape to the conventional two-piece unit. 
The other is more cylindrical in outline and has five 
thick narrow skirts of the same diameter. 

The ability of various makes and types of insulators 
to withstand breakage was investigated in the labora¬ 
tory. A one-inch steel ball was dropped on the skir t of 
an insulator by a special testing device from various 
heights starting at 18 in. and increasing by increments 
of 6 in. Three tests were made from each height, the 
tests being continued until the insulator was badly 
chipped or broken. 


The damage to insulators from external breakage is The comparison of the insulators tested is shown by 
shown by Table VII. Damage of this class is due to Fig* 9* (*4.) is the thick-porcelain one-piece i n«nig *n r 
such causes as blasting where the line is near quarrying of conventional shape, which is now being installed* 
operations, stone throwing, shooting, and so on. As B > C, D, F, G, and H are two-piece 45-kv. insulators 
was observed with respect to electrical breakage, two- of different manufactures, the shapes all being quite 
piece insulator damage is relatively greater than the similar. As one outcome of these tests, suggestions 
three-piece insulator damage. made to one manufacturer resulted in design changes to 

It is frequently taken for granted that insulator one insulator which placed it in the class of the most 
breakage cannot be materially reduced. However, in sturdy insulators. 

an effort to accomplish something in this direction, A considerable difference in decrease of flashover 
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value of different types of insulators, when broken, was 
also found as a result of these tests. 

Conductor Failures 

A study of the cases of conductor failures due to the 
arc following lightning flashovers indicated that the 
susceptibility of wires to burn-down is a function of 
conductor size. The smaller sizes. No. 0 and 



Insulator Upright,Ball Dropped on Top Skirt Midway 8etween Head and Rim. 
i wv > wwm i Insulator Inverted, Ball Dropped on Rim of Top Skirt 

Insulator Inverted,Ball Dropped on Rim of Bottom Skirt 


Fig. 9—Mechanical Shock Resistance Test of Insulators 

The height of the lines, which show the shocks applied in different ways, 
indicates the points at which large chips or definite breaks occurred. Each 
group of lines represents one insulator. 

smaller, show more cases of this kind of conductor 
failure than the larger sizes. Satisfactory data are not 
now available to evaluate the differences in this respect 
between the several wire sizes. 

Conclusion 

The high degree of reliability being obtained from trans¬ 
mission lines of the higher order of voltages, 110,000 
volts and above, which are insulated to withstand the 
lightning surge voltages to which they are subjected, 
indicates that it should be possible to build lower-volt¬ 
age lines which will give a class of service not obtainable 
with designs ordinarily in use at present. Wood pole 
structures of the present ordinary design are subject to 
flashover from the action, of lightning-surge voltages 
much lower than voltages required to cause structure 
flashover from line to ground. By revision of the 
present designs of wood pole structures to make full use 
of the inherent insulating value of the crossarms and 
poles against lightning surge voltages, and by elimina¬ 
tion of metal braces or other parts tending to make 
conducting paths between phases, it shotild be possible 
to obtain highly satisfactory operation with respect to 
lightning troubles. Lines are now being constructed 
with wood crossarm braces and wood guy insulators 
which, it is believed, will be practically free from light¬ 
ning troubles. 

The performance of lines of the new design will be 
watched closely, and information relative to this will be 
available later. 

The records of operation of wood-pole lines with 


overhead ground wires, when considered in connection 
with the information given relative to lightning flash- 
overs, shows that the overhead ground wires as usually 
installed do not improve the performance of wood-pole 
lines. Overhead ground wires, to be effective, should 
be so installed that as much as possible of the inherent 
insulating value of the structure is retained. 

Electrical breakage of old-style pin-type insulators is 
serious with respect to number of line failures due to 
flashover. Breakage of insulators from mechanical 
causes is greater quantitatively than from electrical 
causes. Mechanical breakage is greatly reduced by the 
use of more sturdy insulators which are now available. 

Systematic thorough investigation of line troubles, 
with well-organized records and proper interpretation 
of the facts thus made available, are necessary if proper 
application of operating experience is to be made use of 
in the design of transmission systems. The importance 
of establishing a systematic plan of periodically sum¬ 
marizing and analyzing the facts available from the 
records is to be emphasized. The day-to-day records, 
by themselves, are usually of little value. It is only by 
regularly gleaning the facts from them by a well defined 
plan that they become valuable. These facts, properly 
used, will form a basis for great improvement in system 
reliability and more effective utilization of investment. 
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Discussion 

J. T. Kelly: I was particularly interested in one point which 
the authors brought out which seems rather peculiar at first 
glance and that is the flashover of an insulator without establish¬ 
ing an arc to ground. On any transmission structure involving 
wood members we have a series of insulators,—the insulator 
itself, a short section of crossarm between insulator and metal 
brace, a short section of pole perhaps, between the metal brace 
and grounded guy attachment, or other metal attachment. In 
many structures there is a great number of small insulating 
elements between conductor and ground. Now, that series of 
insulators is also something else. It is likewise a series of con¬ 
densers, since a condenser is a dielectric interposed between two 
conducting plates, and if one thinks of a transmission structure, 
particularly a wood pole structure, in those terms, it is apparent 
that there may be a large series of condensers between line 


conductor and ground. In any series of condensers, when the 
weakest member of the series is over-stressed, that is the con¬ 
denser of lowest capacitance, that condenser will discharge, and 
that is exactly the phenomenon which takes place and to which 
Mr. Andrews made reference. 

This is a very useful point of view in visualizing some of these 
phenomena. It is also an extremely useful standpoint when 
analyzing radio trouble because if one thinks of the setup as a 
series of condensers, it will help many times in finding the partic¬ 
ular condenser causing the radio trouble. 

C. L. Stroup: I wish to thank Mr. Kelly for his words. In 
collecting data it became necessary to set up quite an organ¬ 
ization to obtain the information and compile it in a system¬ 
atic way. This organization is being maintained and will 
continue to function and it is hoped to obtain information which 
will be of operating value to the industry. 



Arcing Grounds and Effect of Neutral 
Grounding Impedance 

BY J. E. CLEM* 

Associate, A. I. B. E. 


Synopsis . —This paper was written to review and extend the 
theory of overvoltages due to arcing grounds because of the in¬ 
creasing tendency to use impedances between the neutral point and 
the ground , thereby losing the advantage of the solidly grounded 
neutral . The “ third class conductor” theory of Steinmetz is touched 
upon very briefly and is considered as not applying to transmission 
line conditions . The theory when the phenomenon is controlled by 
normal frequency arc extinction , as presented by Peters and Slepian , 
is reviewed and the maximum voltage for this analysis is found to be 

8 — E, where E is the normal line to neutral voltage . The theory 

when the phenomenon is controlled by oscillatory frequency arc 
extinction as originated by Dr . Petersen is given in detail but in a 
modified and extended form . The maximum voltage for a single¬ 
phase circuit when no damping is considered is found to be 6 E. 

The analysis for the three-phase circuit is newly developed for the 
case in which there is an impedance between the neutral and ground 


and the maximum voltage is found to be 7 — E when the effect of 

2 

the damping factors and capacitance between lines is neglected. 
The method of determining the various reductions or damping 
factors is outlined. 

The effect of a neutral grounding resistor is discussed and it is 
pointed out that a suprisingly high value of resistance can be used 
without incurring the possibility of dangerous overvoltages. It is 
shown that the use of reactance is more liable to result in overvoltages 
than resistance but that relatively large values of reactance can be 
used in conjunction with resistance. 

The Petersen Coil is usually considered as causing the arc to go 
out by giving a balance of lagging and leading currents in the arc. 
It is brought out in this paper that there will be no voltages built up 
when the Petersen Coil is used whether or not the arc goes out. 

The relation of the overvoltages on a non-grounded and an effec¬ 
tively grounded system is outlined, and a criterion for determining 
whether or not a system is effectively grounded is proposed. 


Introduction 

N the operation of power distribution systems over¬ 
voltages appear on the transmission lines, whether 
overhead or cable, from switching, arcing grounds, 
and lightning. These overvoltages are frequently of 
sufficient magnitude to cause interruption of service 
and sometimes to destroy apparatus. The hazard of 
arcing grounds is completely eliminated by connecting 
the neutral directly to ground, but the present day ten¬ 
dency is away from the direct ground connection on 
account of the necessity of keeping down the concen¬ 
tration of power in a short circuit, to reduce the damag e 
to equipment at the location of the short circuit, to in¬ 
crease stability, and to a lesser extent to lower the duty 
on circuit breakers by inserting an impedance in the 
neutral. The purpose of this article is to review briefly 
the various analyses 1 proposed for the explanation of 
the overvoltages caused by arcing grounds, to extend 
the theory, and to apply it to grounded neutral circuits. 

There are in general three methods of explaining the 
high voltages produced by arcing grounds. The first 
two are quite similar and are based on the familiar- 
theory of the oscillatory charge of a capacitance through 
resistance and inductance. They differ only in the 
manner in which the arc is considered to go out. In one 
case the arc is considered to go out at the instant when 
the normal frequency current passes through zero. 
When the neutral is grounded through a moderate 
impedance the phenomenon will most likely be con- 

* Central Station Engg. Dept., General Electric Companv 
Schenectady, N. Y. 

1. For references see Bibliography. 

Presented at the North Eastern District Meeting of the A. I. E. E., 
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trolled by normal frequency arc extinction but it is 
useful to know what might happen if the phenomenon 
was controlled by oscillatory arc extinction. In both 
the arc is considered to strike again as soon as the faulty 
line rises to its maximum potential against ground. 

The third method is due to Dr. Steinmetz and is 
based on what he termed a “third class conductor.” 
In ordinary conductors an increase of current requires 
an increase of voltage and the resistance may be 
defined as 

AE 

Al = T 

In an arc the characteristics are such that the ratio of 
voltage to current is not constant, the resistance 
tending to rise with decreasing current. An increment 
of current then requires a decrement of voltage and if 
the ratio be defined as r' 

, AE 

r =_ AI 

An oscillation dies away because the energy is consumed 
in resistance and the rate is given by the factor e~ rl 
which occurs in the equations. If the quantity r in 
the exponent should itself happen to be negative the 
factor would be e rl and the transient, instead of dying 
away, would increase beyond all bounds. However, 
from available data it appears that this characteristic 
probably does not apply to the arcing ground as it occurs 
on an overhead line. 

Summary 

_ this paper there is developed the following expres¬ 
sion for estimating the maximum voltage that may be 
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produced by an arcing ground on a grounded system, 
on the basis that the arcing ground voltage is controlled 
by oscillatory arc extinction. 

V 3 (2- d) (3-26)- ( 1 + 27 ?-) ( 1 - d) 

~n~ = -- ° m _ 

& 2 3 — 2 (1 — o) (1 — d) 

V = maximum voltage to which sound lines 

oscillate 

E = normal voltage line to neutral-maximum 

1 ~ d = damping factor of oscillation 
1 - a = damping factor of redistribution of bound 
charge 

1 - 6 = damping factor due to presence of neutral 
ground impedance 

C = average capacitance of single conductor to 
ground 

C m = average mutual capacitance between pairs of 
conductors 

This equation, as has just been mentioned, is based 
on the assumption that the phenomenon is controlled 
by oscillatory frequency, arc extinction, whereas when 
there is an impedance in the neutral, the phenomenon 
is very probably controlled by normal frequency arc 
extinction. Also, the assumption is made that each 
successive striking of the arc from the faulty line to 
ground occurs at an increasing voltage. In addition, 
the ionization of the arc, which may cause it to be 
maintained, is neglected. These factors tend toward 
lower voltages. 

In any oscillation the voltage will go as far on one 
side of the average or applied value as it does on the 
other, unless there is damping. When there is damping 
the voltage oh the first oscillation fails to go to twice 
the applied and the factor (1 — d) is a measure of this; 
for instance, if the applied voltage was 100 volts and on 
the first oscillation the voltage rose to 180 volts, the 
factor (1 — d) would be 0 . 9 . 

In the analysis of the arcing ground condition the 
fundamental assumption is that a charge is trapped 
on the sound lines when the are is extinguished. This 
bound charge, as it is called, is that required to estab¬ 
lish the voltage present on the sound lines at the instant 
the arc goes out. This charge redistributes throughout 
the system between the extinguishing of the arc and the 
restriking of the arc on the next normal frequency 
cycle and establishes an average potential. However, 
during this interval a certain part of the charge leaks 
oil to ground and the average potential is reduced pro¬ 
portionately and the factor (1 - a) is the measure of 
this effect. As an example, if the bound charge was 
such that it would establish an average potential of 
100 volts if no leakage occurred but actually does 
establish an average potential of 60 volts, the factor 
(1 — a) is 0 . 6 . 

If, on an isolated system, one line becomes grounded 
the neutral rises to leg voltage above ground, but if the 
system is grounded through an impedance the shift of 


the neutral will be less depending upon the relative 
value of the neutral grounding impedance and the 
factor (1 — 6) makes allowance for this effect. For 
instance, if the leg voltage is 100 volts and on a fault the 
neutral rises to 30 volts the factor (1 - 6 ) would be 0.3. 

On an ungrounded system the maximum voltage 
which may be developed by an arcing ground is 

3 ~2 E if the Phenomenon is controlled by normal fre¬ 
quency arc extinction and 7 j E if controlled by os¬ 
cillatory frequency arc extinction. The limiting value 
of 7 g I? is obtained when the effect of the mutual 

capacitance between conductors and all damping 
factors are neglected.' On average lines the ratio of 
C/C m ranges from 0.18 to 0.28 so that the effect of 
mutual capacitance is to reduce the limiting overvoltage 

from 7 ~2 E to a value between 6.66 E and 6.96 E. 

Fair values of the damping factors (1 — d ) and (1 — a) 
are about 0.95, tending to be slightly higher for (1 - d) 
and slightly lower for (1 - a), and these reduce the 
probable maximum voltage for an arcing ground on an 
isolated system to a value between 5.3 E and 5.7 E. 

On a grounded system there can be no overvoltage 
from arcing grounds if the neutral is solidly grounded. 
In this case there is no neutral shift and the factor 
(1 - b) becomes zero as also does the factor (1 - a) with 
the result that no overvoltage appears from the calcula¬ 
tions. However, if an impedance is inserted in the 
neutral the amount of overvoltage that may be calcu¬ 
lated on the basis that the phenomenon is controlled 
by the oscillatory frequency arc extinctions depends 
upon the amount and kind of such impedance. If the 
impedance consists of resistance alone a surprisingly 
high value may be used without incurring any chance of 
dangerous arcing ground voltages being set up. As the 
resistance is increased the discharge of the bound 
charge to ground through the resistance chang es from 
oscillatory to unidirectional and a value of resistance 
equal to twice the critical value can be used without 

exceeding a calculated voltage of 2 E. If the im¬ 
pedance consists of reactance the calculated voltages 
will be higher but values of reactance high enough for 
practical purposes can be used without danger of serious 
arcing ground voltages. If the neutral grounding 
reactance is of such a value as to give a neutral shift of 

2 

66 g per cent E on short circuit the arcing ground 
voltagejwould calculate from 3.7 E to 4 E, the variation 
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in calculating voltage being due to the variation in 
assumed mutual capacitance between lines—see Table 
III.. When the values of neutral grounding impedance 
are such that these voltages are not exceeded the sys¬ 
tem will be effectively grounded. 

The following tabulation gives the maximum voltages 
for the conditions already outlined. 


TABLE i 

TABULATION OF MAXIMUM VOLTAGES 


Isolated system 

Single phase 

Three phase 

Initial arc. 

3 E 

i 

2-E 

Normal frequency arc extinction.\ 

4 E 

1 

3-E 

Oscillatory frequency arc extinction 



Isolated System 


1 

a—No damping. 

6E 

7JE 

b —Capacitance only. 


6.71?—7 E 

c—Capacitance and damping. 

* 

5.3 E— 5.7 E 

Effectively grounded system (see below) 



a—Through resistance only. 


2~E 

b —Through reactance only. 


3.7E—4E 


From this tabulation it is seen that the probable 
maximum voltage that may be produced on an isolated 
system by an arcing ground is approximately 5.5 times 
the normal line to neutral voltage. This is approxi¬ 
mately the same as the overvoltages produced by 
switching surges. The insulation required for both 
types of overvoltages must be based on the 60-cycle 
flashover characteristics of the insulation. 

It is customary at times to base the insulation of 
transformers and cables upon a decision as to whether 
the system can be classified as a grounded or non- 
. grounded system. In the past it has usually been 
the practise to consider a system as non-grounded 
unless the neutrals were solidly grounded. For a non- 
grounded system the apparatus has, in general, insula¬ 
tion based on 3.46 times the rated line to neutral volt¬ 
age and the maximum arcing ground voltages calcu¬ 
late in the neighborhood of 5.7 times. However, the 
apparatus gives satisfactory service and so must have 
some factor of safety. If insulation is used cor¬ 
responding to a 2.73 test the arcing ground voltage 
should not calculate more than 4.5 times normal line to 
neutral voltage for the same factor of safety. This 
condition is satisfactorily met when the reactance 
between the neutral and ground is such that the neutral 
shift is less than two-thirds the normal line to neutral 
voltage; and is more than met when the resistance be¬ 
tween the neutral and ground is such that the lagging 
component of the fault current is equal to or greater 
than the leading component. This condition gives a 
resistance less than the critical resistance previously 
mentioned. The foregoing statements are based on 
the assumption that the arcing ground phenomenon is 
controlled by the oscillatory arc extinction and if the 
phenomenon is controlled by the normal frequency arc 
extinction the arcing ground voltages will be less; 


On this basis a system may be said to be effectively 
grounded when: 

(a) Grounded through resistance. If a system is 
grounded through resistance only it may be classified 
as an effectively grounded system when the resistance 
is of such a value that the lagging component of the 
fault current is equal to or greater than the leading 
component of the fault current. 

(b) Grounded through reactance. If a system is 
grounded through reactance only it may be classified 
as an effectively grounded system when the value of 
reactance is such that the neutral shift on a short cir¬ 
cuit is not more than two-thirds the normal line to 
neutral voltage. 

A system may be said to be grounded through re¬ 
sistance when resistance only is used between the neu¬ 
tral and ground. In this case some of the neutrals may 
be solidly grounded and the others grounded through 
resistance. 

A system may be said to be grounded through reac¬ 
tance when a reactance coil is used between neutral and 
ground, when only part of the neutrals are grounded, 
or when grounding transformers are used. 

The voltage figures previously given are the voltages 
that are produced on the sound lines under arcing 
ground conditions, and it was shown how the insulation 
might be affected. On an isolated system the voltage 
on the neutral would be two-thirds of the voltage on the 
sound lines, so that the maximum voltage which might 
appear on the neutral of an isolated transformer would 
be 3.53 E to 3.8 E. On the assumption that the line end 
is insulated for a 3.46 test the neutral end should be insu¬ 
lated for a test of 2.04 to2.31 times normal line to neutral 
voltage for the same factor of safety. If the system 
is effectively grounded as previously defined insulation 
corresponding to a test of two times leg voltage will 
be ample and a lower value may be used depending 
upon the calculated voltages and the neutral shift. 

The Petersen Coil is a special case of reactance ground 
for which the reactance value is such that the lagging 
component of the short-circuit current is made equal to 
the leading component of the charging current in the 
fault. For this case the factor (1 — a) becomes — 1 
so that the maximum voltage is limited to 1.34 E. The 
adjustment of the Petersen Coil is not critical so that 
considerable variation from the resonant value may be 
allowed without giving much increase in voltage. The 
Petersen Coil will keep the voltages down to harmless 
values regardless of whether or not it is set at the 
resonant value to extinguish the arc. 

Normal Frequency Arc Extinction 

In Fig. 1 is shown a single-phase or two-wire circuit 
with lines 1 and 2 and the winding of the power source 
of the circuit. In Fig. 2 are shown the voltages from 
Line 1 and Line 2 respectively to neutral or ground, 
and the voltage E^, which is the voltage from Line 1 to 
Line 2 or the voltage between lines. The neutral or 
ground potential point is at the midpoint of the wind- 
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ing and the line voltages vary from (+ £/) to (— £7) in 

respect to the neutral point. 

In Pig. 3 are shown the voltages when an arc strikes 
from Line 2 to ground. The voltage of Line 2 to 
ground collapses and the potential of Line 2 becomes 
zero. This takes place almost instantly after the arc 
strikes. Line 1 is at an initial potential E x = ( + E) 
in respect to ground, but zero potential of Line 2 re- 

2 _ 


1 

Fig. 1 



quires a potential of (-+- 2 E) on Line 1. Consequently 
the potential of Line 1 goes from potential (+ E) to 
potential (-f- 2 E) through an oscillation, the impressed 
voltage being 2 E. The applied voltage producing the 
oscillation is (2 E — E) or E, and therefore the ampli¬ 



tude is E, and this, neglecting damping, added to the 
impressed voltage 2 E gives the maximum value of 3 E. 
After steady conditions are reached, Line 2 is at ground 
or zero potential and the line potential E h to ground, 



and voltage E lt , between lines, coincide, the arc current 
I being represented 90 deg. ahead of E x . ■ 

When the current I passes zero, the arc is assumed to 
go out. At this instant Line 1 is at a potential (- 2 E) 
and has a charge sufficient to establish this potential. 
This charge diffuses throughout the entire system so 
that the average potential becomes (- E), the line 
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potentials varying harmonically above and below this 
potential level as shown in the right hand part of Fig. 3, 
on the assumption that the defective Line 2 does not arc 
to ground again. 

However, the arc is assumed to strike again as in 
Fig. 4. This time the initial voltage of Line 1 is 0, the 
impressed voltage is 2 E, and the amplitude of the oscilla¬ 
tion is 2 E so that the maximum potential that Tina 1 
reaches is 4 E. As before, the arc goes out when the 
arc current passes through zero and Line 1 is at a po¬ 
tential of (— 2 E) and conditions again are exactly as 
they were before the arc struck.. This process may be 



repeated with no further increase in voltage until the 
circuit conditions change in some way. 

The analysis for a three-phase circuit is similar to that 
just given for the single-phase circuit. In Fig. 5 is 
shown the circuit and in Fig. 6 are shown the voltages. 
Line 2 is the faulty line and it arcs to ground at the 
instant of maximum potential and immediately goes to 
ground or zero potential. Zero potential on Line 2 re¬ 
quires a potential of 1.5 E on both Line 1 and Line 3 but 

these two lines are at an initial potential ( + — E ) and 



pass from the initial condition of ( -f E ) poten¬ 
tial to the ultimate condition of ^ -I- 1 E j through 
an oscillation. The impressed voltage producing the 
oscillation is ( + 1 E ) and the applied voltage 
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— -^-E^ = E, therefore the amplitude is E, 

giving 2 E as the maximum voltage of the first 
oscillation. 

After the oscillation has died out conditions are also 
shown in Fig. 6. Line 2 is at zero potential and Lines 



1 and 3diave the potential E 12 and E 32 as shown. The 
are current is made up of Is and h which are shown 90 
deg. ahead of their respective voltages. The arc will 
go out at the instant the arc current (I 3 + h) is zero. 
At this instant Lines 1 and 3 are both at a potential of 

1 ~2 E an d the charge on the conductors necessary to 

produce this potential diffuses throughout the system 



777777^7777^777777 

Fig. 7 


and establishes an average system potential of (— E), 
about which the potentials of the three lines vary. 

When the faulty Line 2 reaches its maximum poten¬ 
tial of (— 2E) the arc again strikes and at this instant 


Lines 1 and 3 are at an initial potential ( — A E 
Line 2 then goes to zero potential which condition 
requires a potential of ( + 1 — E ) on both Lines 1 


and 3. However, Lines 1 and 3 are at a potential 

( — E ) and an oscillation results, the applied volt- 

ege is 2 E, therefore the amplitude is 2 E which gives a 

maximum voltage on Lines 1 and 3 of 3 E. As before 

the arc will go out when the arc current passes through 
zero at which time the potentials of Lines 1 and 3 will 

again be at ( — I { B ) and the sequence of events 

will be repeated with no further increase in voltage. 

Oscillatory Frequency Arc Extinction 
Single-Phase Circuit. The analysis for the single¬ 
phase circuit will be given complete and in detail to 
illustrate the method of analysis. In Fig. 7 are repre¬ 
sented the two wires of a single-phase circuit, together 
with the respective capacitances. The effective value 
of these capacitances at any instant depends upon the 
potentials of Line 1 and Line 2, as is brought out in the 



Appendix. In Fig. 2 is shown the voltage wave of the 
two wires in respect to ground. The maximum voltage 
to ground of either line wire is E and the voltage be¬ 
tween wires is (E 2 - E t ) or (E t - E t ) with a maximum 
of 2 E. 

The arc is assumed to strike from Line 2 to ground, 
thereby reducing the potential of Line 2 to zero and 
short circuiting the capacitance between Line 2 and 
ground. The initial arc is considered to occur when 
Line 2 is at its maximum potential to ground 
(E 2 = E). This condition of zero potential of 

Line 2 requires at this instant for steady state conditions 
a potential of (— 2 E) on Line 1, which is equivalent to 
impressing a voltage of (- 2 E) on Line 1. At the 
instant the arc strikes the potential of Line 1 is (- E) 
and the transition from (- E) to (- 2 E) takes place 
as an oscillation (see Fig. 14a). It is assumed that the 
arc goes out the first time the oscillatory arc current 
passes through zero which is practically simultaneous 
with the instant of maximum potential of Line 1. 

•In Fig. 8 are shown the conditions immediately after 
the arc has struck and the conditions at the instant the 
arc has gone out. At the instant the arc goes out the 
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voltage to ground on Line 1 is (- 3 E), which necessi¬ 
tates a corresponding charge (- Q) on the sound line. 
After the arc goes out this charge distributes itself over 
the system passing through the apparatus at the end of 
the line and establishes the average potential to ground 

of the system as ( — 1 "g E ), corresponding to a 
charge of ( - ) on each of the two lines. This re- 


impressed voltage of (— 2 E) and an applied voltage and 
amplitudeof( —2£7—l-itf) = The 

potential of Line 1 goes to a maximum of ^ — 5 ~ E ^ 
at which instant the arc goes out. A charge correspond¬ 
ing to a potential of ( — 5 E ) is left on Line 1 and 


distribution of charge takes place through an oscilla¬ 
tion which is not shown in the diagrams. 

After steady conditions are attained, conditions are as 
indicated on the right of Pig. 8. However, this steady 
state cannot be maintained as the faulty Line 2 will 
again arc to ground and it is assumed that this will occur 
when its potential to ground becomes a maximum. 
This is shown in Pig, 9 in which the second arc is shown 
as striking when the voltage of the faulty Line 2 has 

reached a value of ( - 2 ~ E ). At this instant the po¬ 
tential of Line 2 immediately goes to zero. For the 
resulting oscillation the initial potential of Line 1 is 

( ~ ~2 E ) and the impressed voltage is ( + 2 E), as 


required by the condition of zero potential on Line 2. 
The transition from a potential of ( — E 1 ) to (+ 2 F) 
takes place through an oscillation which has an applied 
voltage of | + 2 E- ( - j E ). J or ( + 2 j E ). 
The maximum potential to which Line 1 oscillates 
during the oscillation is(2^-F + 2F)or(+4yE?), 
at which instant the arc goes out, leaving a charge 
corresponding to a potential ( + 4 ^ E ) on T.im> l. 
This charge then diffuses itself throughout the entire 
system establishing an average potential of ( + 2 -£• E ) 
through the entire system. 

As before, the potentials of Line 1 and Line 2 vary 
about this average potential and when the potential of 

Line 2 reaches its maximum value of ( + 3 -j- E ) the 

arc strikes again. At this instant the potential of Line 1 

* s ( "4 ) so ^at the resulting oscillation has an 


this charge diffuses as before throughout the entire 
system, establishing an average potential over the two 

lines of ( - 2 — F ). This process repeats itself until 



the maximum voltage is attained or something happens 
to remove the system voltage. 

The maximum possible voltage can be determined 
from the following considerations and reference to 
Table II. Let the maximum potential of a negative 
oscillation be denoted by (— V t ), (see Fig. 9). Im¬ 
mediately following the extinction of the arc the charge 
associated with the voltage (— Vi) will distribute itself 
throughout the system and establish a potential P. 
To determine P it is necessary to know the relationship 
existing between the various capacitances involved; 
these are developed in the Appendix. When Line 2 
arcs to ground it goes to zero potential and the potential 
(— V 1 ) to which Line 1 oscillates is established over the 
capacitance C„, requiring a charge 

Q 1 --V 1 C, (11) 

The capacitance C g is defined as the capacitance of one 
line wire to ground when the other line wire is grounded, 
i. e., at zero potential. 
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The arc goes out when the oscillatory arc current 
passes through zero and this charge Qi now diffuses 
thr ou gh out the system and establishes the average 
potential P over the capacitance of the two line wires in 
parallel. If C a be defined as the capacitance of one of 


TABLE II 

DERIVATION OF MAXIMUM VOLTAGE 


Arc No. 


1 

2 

3 

4 

5 

N 

N+l 

N +2 




1 

1 

5 

13 




Line 2 . 

E 2 

+1 

-*7 

+ 3 J 

"*8 

+3 16 


-4 

+4 




1 

1 

6 

13 




Line 1 . 

Ei 

-1 

" 2 

+ X T 

~'T 

+1 Ii 


-2 

+2 




1 

1 

5 

13 



t 

Line Vx . 

Ei 

-1 

“ 2 

+1 7 




-2 

4-2 

Impressed V.... 

Eo 

-2 

+2 

-2 

+2 

-2 


+2 

-2 




1 

1 

5 

13 




Amplitude. 

A 

-1 

+2 T 


+3 7 

” 3 16 


+4 

—4 




1 

i 

5 

13 




Max. V. 

Vi' 

-3 

+4 T 

“ 5 T 

+5 8 

~ 6 16 

-6 

+6 

-6 



1 

1 

5 

13 

. 29 




Average V. 

P 

- X 2 

+2 T 

+2 ir 



-3 

+3 

-3 



1 

i 

5 

13 

29 




Line 1 . 

Ei' 

2 

+1 4 

_1 8 

+1 16 

_1 32 

-2 

+2 

—2 



1 

1 

5 

13 

29 




Line 2 . 

E 2 r 


+3 T 

" 3 T 

+3 Ii 

“ 3 32 

-4 

+4 

—4 


Voltages given in the table are in terms of the line voltage E. All 
reducing factors have been, neglected. 

Since Line 2 is assumed to arc to ground the impressed voltage is 2 \E 
with the sign taken as opposite to that of Ez and the initial voltage is the 
voltage of Line 1. 

A m Eo — Ei taking proper sign of Eo from sign of E 2 
Vi' - E a + A Ei' - P - E 
Vi' 

P - E 2 ' - P + E 

The values for the first three arcs can be taken from or checked against 
Fig. 9 and the rest of the values follow obviously 

two wires to ground when both are'at the same potential, 
the capacitance of the two wires together will be 2 C a 
and we can write 

p = ~Y Vl ~c7 (1 ~ a) (12) 

The factor (1 — a) is added to make allowance for 
any charge that may leak off and for the charge that 
may be taken up by the terminal apparatus. It should 
be noted that the resistance in the circuit does not have 
any effect upon the final average voltage P except to 
influence the time required to reach the steady state 
conditions. 

After a half cycle the voltages are 

E * - - i Vi (1 -«>+ E w 

E* = (1 - a) - E (14) 

and when the faulty Line 2 reaches this potential the arc 
will strike again. These expressions for E x and 
have been obtained directly from (12) by adding or 
subtracting E. These expressions can be obtained by 


considering that the charges on the two lines must total 
to the value given in (11) and using the expressions for 
Qx and Q 2 given in the appendix. 

When the arc strikes, the potential of Line 2 drops to 
zero losing its charge, and the charge Qi which is asso¬ 
ciated with the voltage E%, must now establish another 
vol tag e Ei over the capacitances C„, of Line 1 to 
ground, when Line 2 is at ground potential. This 
involves a change in the electrostatic field only and 
takes place very rapidly. 

The char ge associated with the potential E x according 
to the equations in the Appendix is 

C 

Ei — E2 p 

Qi = C -(15) 

1 - —— 

C m * 

and upon substituting the values of Ei and E 2 from (13) 
and (14) there results 

-o.{®(i + -£-)—i v ,<i- a >} (,8) 

and the potential established by this charge is 

Ei' = E ( 1 + \ Vi (1 — a) (17) 


The fact that Line 2 is at zero or ground potential 
requires that Line 1 be at a potential (+2 E) but in¬ 
stead it has the potential E\ and this difference be¬ 
tween impressed and initial potential produces an os¬ 
cillation having an amplitude of 

A = {2E — Ei ) (1— d) (18) 

and giving a maximum voltage of 

Vi'=2 E + A (19) 

The limiting value will occur when the maximum 
potential of any oscillation is the same as that of the 
immediately preceding oscillation, that is when Vi 
= Vi and then 


Vi = 2E 


2 + ( 1 “ C m ) (1 “ d) 
2 - (1 — a) (1 — d) 


( 20 ) 


This expression gives the maximum voltage that can be 
set up by an arcing ground on a single-phase circuit 
with the analysis based on the extinction of the arc 
when the oscillatory current first passes through zero. 

The maximum possible value is six times normal line 
to neutral voltage as compared with four times as ob¬ 
tained from the preceding analysis. Table II further 
illustrates the building up of the voltage on the sound 
line and also fixes six times as the limit. By inspection 
of Table II and Fig. 9 it can be seen that the values of 
Vi and Vi have the following relation between any 
two consecutive values, 


Vi' = Vx .+ \ (6- Vx) 
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which indicates that Vi can never be greater than 6. 
Writing in the values 6 for Vi in the column for the 
iVth arc it is seen that the (N + l)th and (N + 2)th 
arcs give no higher values, thereby establishing the 
limit as 6 times line to neutral voltage, for the voltage 
produced by an arcing ground in a single-phase system. 

Three-Phase Circuit—Impedance in the Neutral 
Since the present day tendency is toward limiting 
fault currents by placing an impedance in the neutral 
ground connection, the analysis for the three-phase 






circuit will be made for that condition. As mentioned 
before it is likely that the phenomenon will be controlled 
by normal frequency arc extinction when the neutral is 
grounded but it is useful to determine limiting values of 
neutral grounding resistance or reactance on the basis 
that the voltages are controlled by oscillatory frequency 
arc extinction. This method will give conservative 
values. Let the circuit be as shown in Fig. 10 with 
r„ and L„ as the neutral grounding impedance. The 


capacitances involved are indicated in Fig. 10a and the 
voltages are as shown on the left in Fig. 11. 

When the faulty Line 2 first arcs to ground its po¬ 
tential drops at once to zero and cuts out the capaci¬ 
tance between Line 2 and ground. Lines 1 and 3 are at 

a potential ( + ) while the condition of zero po¬ 

tential on Line 2 requires a potential of ( + 1 -jjj- E ) on 

Lines 1 and 3, thus impressing this voltage on the two 
sound lines. The sound lines have an initial voltage of 

( + E ) so that the voltage applied is ( 1 E 

— ^e) = E which initiates an oscillation with an 
amplitude of E. In the oscillation the maximum volt¬ 



age attained by the sound lines is ( + 2 E ) (neglect¬ 
ing all damping or reducing factors) at which instant the 
arc is assumed to go out. The charge required to pro¬ 
duce a potential ofVi=(-|-2-|-B) on the two sound 

lines now diffuses throughout the system and estab¬ 
lishes an average potential over the three lines of 

2 

P - -g- Vi. As soon as the faulty Line 2 reaches 

its new maximum E a = P + E, it again arcs to ground 
and the sound lines oscillate to a new maximum and 
then the are goes out. The bound charge on the two 
lines establishes a new average potential, the faulty line 
arcs to ground at the next instant of its maximum 
potential, and the process is repeated. 

The limiting voltage is found as follows. Let (— V i), 
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Fig. 11, be the maximum potential which the sound 
lines reach on any oscillation. This potential on the 
two sound lines requires a charge dependent upon the 
capacitance to ground of the two sound lines when the 
third line is grounded, it is 

Qi = -2C,y 1 (21) 

This charge establishes an average potential P over the 
capacitances of the three wires in parallel, or 3 C a . 
If there was no connection to ground from the neutral 
no charge would be lost and the potential would be in 
proportion to the capacitances involved. When there 
is a connection between the neutral and ground part of 
liie charge passes to ground and the potential P is 
reduced proportionately. When Vi is the potential of 
the sound lines at the instant the arc goes out we can 
write for P 


* F— Fj(l a) (22) 

The factor (1 — a) is introduced as before to take into 
account the reduction in potential due to part of the 
charge passing off to ground through the ground 
connection. 

When the faulty line arcs to ground, and goes to 
ground or zero potential, this condition requires on the 
sound lines a potential dependent upon the impedance 
in the-neutral ground connection. The potential of the 
neutral is affected and does not shift to full leg potential 
above ground. The neutral shift can be represented by 
E n - E (1 - 6) (23) 

If there were zero impedance in the neutral, i. e., 
a solid ground, 6 would be equal to 1 and there would be 
no shift of the neutral. If the ground connection were 
open 6 would be equal to zero and the neutral shift 
would equal the leg voltage. 

At the instant the arc strikes the potential conditions 
are 

Ei = — g ^ Vi (1 — a) + E (24) 

2 C 

E* = - -j^r- Vi (1- a) - E (25) 

2 q ^ 

Ez — ~ - g £ Vi (1 — a) + ~2 E (26) 

The arc now strikes and Line 2 drops to zero or ground 
potential which condition requires a potential of ap¬ 
proximately ( E (1 - b) + — E ) on the sound lines so 
that the impressed voltage E 0 is 

E 0 = E (1 - b) + j E (27) 

At the instant just before the arc struck the sound 
Lines I and 3 had charges dependent upon the voltages 


E u E 2 , and E s at that instant. Substituting Equations 
(24), (25), and (26) in the equations developed in the 
Appendix the charge Qi' on the sound line is found to be 

= { |b(i+-^)-|v.(1-<.) J (28) 

This charge together with an equal one on Line 3 
establishes a potential £7/ over the capacitance 2 C g of 
the two sound wires to ground 

®‘ , --| B ( 1 +^)-f r,(l-a) (29) 

The amplitude of the oscillation is then 

A = (E„— Ei') (1 — d) (30) 

and the maximu m voltage 

Vi = E 0 + A (31) 

The limiting value will occur when the maxim um 
voltage of any oscillation is equal to the maxi mum 
voltage of the immediately preceding oscillation. It is 


3 (2 — d) (3-26) -{ l + ~- } (1-d) 

__ _ J77_ _ v ' _ 

3 - 2 (1 - a) (1 - d) 


Vi = jE 


(32) 

Determination op Reduction Factors 
(1 ~ ffi ) The factor (1 — a) which allows for the 
charge that passes to ground can be estimated in the 
following manner. The equivalent circuit is as shown 
in Fig. 10b. C 2 represents the capacitance of the two 
sound lines and L t the inductance; Ci and L x represent 
the capacitance and inductance of the faulty line; C z 
represents the effect of the direct capacitance between 
the sound and faulty lines; r„ and L„ represent the 
neutral grounding impedance. A rigorous, analysis 
of this circuit leads to a fourth degree differential 
equation which renders a general solution out of 
question. 

It is noticed in the diagram, Fig. 10b, that the C 2 can 
discharge directly into Ci through C 3 and that there is 
no appreciable inductance nor resistance in this circuit. 
On this account it can be assumed that an average 
potential P is established very quickly and then the 
three lines begin to discharge to ground through the 
neutral impedance. The discharge circuit will then 
be as shown in Fig. 10b. The equation for condenser 
discharge when the resistance is low is 


e c = e €~ at \ Cos co f +-Sin co t 

Q 


(4) 


r 3 = phase resistance of circuit plus three times resis¬ 
tance of grounding impedance, i. e., r 3 =r l + 3r„ 
Xz = phase reactance of circuit plus three times the 
reactance of the grounding impedance, i. e., 

L * phase inductance of circuit plus three times 
inductance of grounding impedance 



July 1930 


CLEM: ARCING GROUNDS 


979 


C = capacitance of one line wire to ground when all 
three have same potential. 

If Xi is the inductive reactance of one phase plus 
three times the reactance of the grounding impedance, 
then 


■L 



(33) 


If x a is the capacitive reactance of one line when 
all three are at the same potential then 


C = C a 


1 


COo X a 


(34) 


The arc on the faulty line restrikes at the end of 
one-half cycle of normal system frequency and the 
time t is 


t - 


IT 

0)„ 


(35) 


Substitute these three relations in Equation (4) 
just given and there results 


— € 


Cos t 0 + Sin t 8 


8 




Xa 

X a 


— n s 2 « 3 = 


r 3 

2Xa 


(36) 


(37) 


On making the same substitution in the equation for 
condenser- discharge when the resistance is high there 
results 


_ £ “ («3 — 0)?r _ 


1 + 


n 3 

<P 


+ € 


— (»3 +0)t 


1 - 


Th 

0 


(38) 


0 = J «„ 2 - 

' Xa 


n 3 = 


r_a 

2*3 


(39) 


The factor (1 — a) depends upon the charge which 
leaks off the ground and the charge which remains is 
proportional to the voltage left on the capacitance 
which is given as e c in the preceding equation. If no 
charge leaked off (1 — a) would equal 1 and also 
e c /e = 1; if all the charge leaked off (1 — a) would be 
equal to zero and also eje = 0. Since by definition 
the factor (1 — a) is a measure of the charge that leaks 
off to ground, it is obvious that 


(1 - a) = 


(40) 


The expression for (1 - a) in the oscillatory case 
appears to indicate that with a solidly grounded neu¬ 
tral, r - 0, no damping would result, the average 
potential P being then the same as if the neutral 
were isolated. This would be true if there were no 
resistance at all in the circuit, the only difference then 
would be that the solidly grounded case would be oscil¬ 
latory and the isolated case non-oscillatory. How¬ 
ever, there is a certain amount of resistance in the rest 


of the circuit which will cause damping. Also, this 
equation apparently indicates that infinite ohms in 
the neutral give 100 per cent damping, but it should be 
remembered that increasing resistance gradually 
changes the discharge over into a non-oscillatory con¬ 
dition and it can then be shown that infinite ohms 
give zero damping. Such very high values of ohms 
would not be considered for grounding purposes so this 
condition is only of passing interest. 

(1 ~ ^ The factor (1 — 6) which allows for the 
reduced neutral shift may be estimated as follows. 
When the faulty line arcs to ground a short circuit is 
established and the current flowing through the neutral 
grounding impedance produced a voltage drop. The 
neutral shift is equal to the voltage drop across the 
neutral grounding impedance, and if this is designated 
by E„ and normal line to neutral voltage as E there 
results 


(1-6) = ~- (41) 

(-*• ~ fj) The factor (1 — d) is simple of determina¬ 
tion. Since the arc is assumed to go out at the first 
time the oscillatory frequency are current passes 
through zero this corresponds to the instant of maxi¬ 
mum voltage on the tw« sound lines. At this instant 
Cos (at — — 1 and we have from Equation (1) appendix 


= 1 + e-“ 

(42) 

= (1 ~d) 

(43) 


In this case the resistance involved r" is the resistance 
of one phase plus the two times the parallel resistance of 
one phase and the grounding impedance, the induc¬ 
tance x" is the inductance of one phase plus two times 
the parallel inductance of one phase and the grounding 
impedance and the capacitance is the capacitance C a of 
one of the two sound lines to ground when the third 
line is at ground potential. Making the proper sub¬ 
stitutions we get 

(1- d) = e~ b (44) 

, _ i r n 2 _ 1 

8„ X °~ 2t fC 0 6 ° 


“ V-p- “ "* “ T7- < 45 > 

The factor (1 — d) can be taken as unity without serious 
error. 


Effect of Grounding Impedance 
Resistance Ground. When it becomes desirable to put 
an impedance in the neutral ground connection the 
value chosen should be such that the possibility of arc¬ 
ing ground conditions is remote when the analysis 
is based on the assumption that the phenomenon is 
controlled by oscillatory frequency arc extinction. 
This method of analysis gives higher voltages than the 
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anal ysis based on normal frequency arc extinction, and 
accordingly if limits are set by the pessimistic analysis 
the values chosen will surely be conservative and safe. 
When resistance alone is used it is surprising how high a 
value may be used. The limiting value can be deter¬ 
mined by calculations on the circuit involved. There 
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are some general considerations that apply and these 
will be discussed briefly. 

When the are goes out the bound charge redistributes 
itself over the system and drains off to ground through 
an oscillation when the resistance in the neutral is lower 
than the critical value. As long as the resistance is 
below the critical value the bound charge will be entirely 


drained off at the end of half a 60-cycle period and. 
no ar cing ground voltages can be built up. For this 
condition 0 of Equation (37) must be real and therefore 



In this expression r s — 3 r»; Xs — Xi, (xi is the circuit 
reactance) and x a = — q so that 

rn< \T VXaXl (47) 

As long as the grounding resistance r„ is less than the 
2 _ 

critical resistance y/x a Xi no arcing ground voltage 
will be built up. 

To calculate the limiting resistance as based upon 
this criterion it is first necessary to find out what the 
value of x a might be. In Fig. 12 are two curves drawn 
to show the average spacing and height of conductors as 
dependent upon the nominal system voltage. These 
curves represent average conditions and are of course 
approximate. They are based upon data published by 
the Electrical World some years ago. In Table III 
are the results of capacitance calculations made for 
circuits of these proportions and various voltage ratings. 
An examination of this tabulation shows that the value 


TABLE III 


CAPACITANCE CALCULATIONS—AVERAGE CIRCUIT PROPORTIONS 


Kv. 

33 

44 

66 

110 

132 

154 

220 

Oond. spacing. 

4' 

5 

7 

11 

13 

15 

22 

Ave. spacing. 

5.0 

6.3 

8.8 

13.9 

16.4 

18.9 

27.7 




Horizontal spacing 




Height —h . 

18 

20 

24 

32 

35 

39 

50 

Ave. image R . 

36.4 

40.6 

49.0 

65.9 

72.4 

81.0 

104.8 

C—0.250. 

0.010960 

0.010810 

0.010580 

0.010225 

0.010101 

0.009970 

0.009705 

C—0.375. 

0.011503 

0.011365 

0.011104 

0.010695 

0.010595 

0.010453 

0.010150 

C—0.500. 

0.011990 

0.011710 

0.011502 

0.011070 

0.010960 

0.010815 

0.010495 

Cm —(mutual). 

0.04498 

0.04800 

0.05220 

0.05720 

0.06000 

0.06140 

0.00550 

Co”!). 375. 

0.00761 

0.00771 

0.00779 

0.00778 

0.00782 

0.00780 

0.00775 

C/Cm 0.375. 

0.256 

0.237 

0.213 

0.187 

0.177 

0.170 

0.165 

I . 

16.44 

22.1 

33.7 

56.0 

67.5 

78.3 

111.4 




Vertical spacing 




Height —k .j 

22 

25 

31 

43 

48 

54 

72 

Ave. image R . 

44.0 

50.0 

61.7 

85.5 

95.4 

107.3 

143.3 

C— 0.250. 

0.010708 

0.010548 

0.010298 

0.009900 

0.009788 

0.009678 

0.009383 

C— 0.375. 

0.011255 

0.010780 

0.010797 

0.010391 

0.010265 

0.010121 

0.009789 

C— 0.500. 

0.011680 

0.011487 

0.011185 

0.010745 

0.010613 

0.010464 

0.010119 

Cm— (mutual). 

0,0412 

0.0432 

0.0458 

0.0493 

0.0508 

0.0515 

0.0542 

Co—0.375. 

0.00728 

0.00733 

0.00733 

0.00731 

0.00731 

0.00726 

0.00719 

C/Cm— 0.375. 

0.273 

0.256 

0.236 

0.211 

0.202 

0.197 

0.181 

I ave. 

15.7 

21.1 

31.7 

52.6 

63.1 

72.9 

103.4 


Conductor Radius in Inches 
I - 3 E (377) Co for 100 miles. 
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of C varies only slightly over the entire voltage range, 
and that C a is practically constant for either vertical 
or horizontal spacings. The difference in value of C a 
for horizontal and vertical spacing is small so that it 
appears-reasonable to use the average value throughout 
the entire voltage range for both spacings. 

Information has been published 8 that the charging 
current flowing in the ground, 1/ of Fig. 13c and D 
averages 1.5 I„, where I n is the normal three-phase 
changing current, and that I / averages 2 1„. These 


If Xi is expressed in per cent then ohm is given by 

s.ohms- (49) 

kv-a. 

Inserting these values in Equation (47) we find 

r„/l.25 (50) 

\ V L. kv-a. 

The critical resistance obtained from (50) for various 
overhead circuits has been tabulated in Table IV. If 




I t =Ii-H 2 =2-l|E2TrfC <B =3E2Tr-fCq = 3f g 
i 0 »3nTrfCo=3| o 

VIt-Io=3f2Trf(Cq-Co)*3E27TfCos3| 

l 3 = wE(fc 9 -i^ C„) 

■ I^ e ur E 3 Cq 
Il= w£(-| Cq+ i ^ C n ) 


If In Is the. normal three.-phase, charqmq curretrt 

io-- C 3 Jtt-.IlfaL 
" m .C ra *" 

Pig. 13 


figures were based on tests on low-voltage transmission 

C 

systems, and would be exact if the ratio T 7 ~were 0.25. 


TABLE IV 

CRITICAL RESISTANCE FOR OVERHEAD SYSTEM 


7 


1.25 kv 



Xi .10o 

L . kv-a. 


Xi assumed 25 per cent 


2 



the resistance in the neutral is less than the values 
in this table no arcing ground troubles should be 
experienced. 

For cable circuits the quantity x a is quite variable 
and so the critical resistance must be calculated from 
the expression 


z 



V*1 


(47a) 


The average of this ratio for 33 kv., 44 kv., and 66 kv. For a cable circuit using three-phase cables the critical 
is 0.245 with a variation less than that which might be resistance is shown in Table V. 

encountered in such tests so that it was quite reasonable It is possible to use values much higher than those 

to form such a conclusion from the tests. • determined by the preceding analysis and still have the 

Using the average figure of 0.00752 n i. for C a , x a in arcing ground voltages within safe limits. When the 
ohms can be written, if L is length of line in miles. resistance is in excess of the critical resistance fixed 

3525 10 6 >by (47) the discharge to ground is no longer oscillatory 

x a = — : —z - (48) and the factor (1 — a) must be determined from Equa- 

L tion (38). If we let z be the critical or limiting value 
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TABLE V 

CRITICAL RESISTANCE FOR CABLE SYSTEMS 
(Three-Phase Cables) 


Rated 

voltage 

Xi 100,000- 
kv-a. 

X a 100 miles 

Z 


10 % 

Isolated 

Grounded 

Isolated 

Grounded 

7..5 

0.05625 

104.3 

88.2 

1.616 

1.485 

12 ..5 

0.15625 

119.3 

103.8 

2.876 

2.683 

15 

0.225 

126.5 

111.2 

3.556 

3.333 

20 

0.4 

140.0 

126.0 

4.99 

4.742 

25 

0.625 

155.0 

142.2 

6.566 

6.288 

33 

T.089 

171.0 

158.0 

9.10 

8.75 


2 - 

Z - “J— V X\ x a 


Z will vary Inversely as V Kv- a._ 

Z will vary inversely as V Length of line 
Z will vary directly as V Per cent reactance 

Thus at 7.5 lev. for 25,000 kv-a., 25 miles, and 15 per cent reactance 
Z =* 7.92 ohms 

as determined from (47) and r„ = kz the value used 
we can write 


It is quite obvious from this tabulation that the 
resistance in the neutral can easily be three times the 
critical resistances obtained from Equation (47) with¬ 
out running into any danger of trouble from arcing 
grounds. 

It is also possible to fix a limit 2 for r„ such that the 
lagging component of the current in the arc is equal 
to or greater than the leading component. The lead¬ 
ing component of the arc current is that part of the 
charging current of the two sound lines in parallel that 
goes to ground. When Line 2 goes to ground or zero 
potential the two sound lines take a potential as indi¬ 
cated in Fig. 13. The voltages 1-2 and 3 - 2 are 
60 deg. apart as are the charging currents h and I 3 . 
The charging currents for this condition are dependent 
upon the capacitance C„, and it is obvious then that 
the total charging current is 

7,-7, + 7,-(2)(l -2 —)(—) = — (53) 


r 



V Xa Xi 


(51) 



If a resistance 50 per cent greater than the value deter¬ 
mined from (47) were used, then k in these last two 
expressions would be 1.5. 

The quantity x a is the capacitive reactance of one 
line when all three are at the same potential and this 
is very approximately twice the customary line to 
neutral capacitive reactance. If we consider that the 
normal charging current will never be more than 100 
per cent, then x a will never be less than 200 per cent 
and for a fair average value of x x 25 per cent the factor 



will not be less than 2.83. 


Using this relation in (38a) and then in (32) the follow¬ 
ing is obtained for increasing values of r». In the calcu¬ 
lation (1 — d) and ( 1 — 6 ) are taken as unity and 

C 

- 77 - as 0.15. 

Otn 


TABLE VI 


k 

(l-a> 

V 

1.1 

0.0056 

2.35 E 

1,2 

0.0119 

2.37 E 

1.5 

0.0357 

2.41 E 

2.0 

0.0962 

2.51 E 

3.0 

0.227 

2.77 E 


Part of this current returns through the ground and 
part directly through the faulty Line 2. The part that 
returns through the faulty line depends upon the capac¬ 
itance Co, if this is Io 


lo = ( 2 ) ( 1 




(54) 


The current 1/ in the arc or fault is the difference 

(55) 


7, 


3 E 




(55a) 


It is noticed that the charging current in the fault 
has been calculated as though the neutral were not 
grounded. This is done because with the maxim um 
resistance so determined such conditions are very 
closely approximated. 

E 

If the short circuit current in the fault is I, = -=- 
then the reactive current I x is 



%8 

V r „ 2 + x , 2 


g» 

Tn + X. 2 


(56) 


and since I x is set equal to I f - - 

(57) 

The limiting value as determined from (57) is less 
than that as determined from (47). 

Reactance Ground. When reactance is used for 
grounding the neutral the following equation, which is 
obtained from Equation (32) by letting the factor 
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(1 — d) be unity, may be used to estimate the arcing 
ground voltage. 


V 1 


o 5—46—2 “7 — 
6 E _ Cm 

2 3 - 2 (1 - a) 


(58) 


The neutral grounding reactor affects the factor (6) 
and also the factor (1 — a). If I, is the short-circuit 
current flowing in the fault and x, the system reactance 
such that 


then 


and 



1 - & = 




(59) 


(60) 


(61) 


The factor (1 — a) in the form previously given con¬ 
tains an exponential part and a trigonometric part. 
When the neutral is grounded through reactance, the 
resistance will usually be low and the inductance high 
so that the exponential part can be taken as unity with¬ 
out appreciable error. With this in mind we obtain 
from Equations (40) and (37) 

(1 — a) = Cos n 0 (62) 


8 = 


-<■ 


Xg 

Xz 


X a 


Xi 


1 + 3 


Xi 


(63) 


x c = --- -- — for 0 = 1 (63a) 

The value x e might be called the critical reactance. 

A brief inspection of Equation (50) shows that the 
lowest value of the arcing ground voltage V x will be 
obtained when the factor (1 — a) is equal to — 1. 
Therefore, the value of neutral grounding reactance x n 
should be chosen so that 0 as calculated from Equation 
(63) is an odd integer. Because of necessary assump¬ 
tions made in the derivation of the formula and uncer¬ 
tainty in the exact determination of the line constants, 
the use of these expressions should be limited to values 
of 0 less than 4. 

For the condition that 0 = 1 as in Equation (63 a) 
this gives a value of neutral grounding reactance about 
the same as the Petersen Coil but it should be noted 
that the method here given is different from the or¬ 
dinary method of calculating Petersen Coils. The 
value of 0 is not critical in the neighborhood of 0 = 1. 
This is brought out in Table VII, in which are shown 
calculated voltages for various values of neutral ground¬ 
ing reactance above and below the critical value. It is 


quite apparent from this table that considerable varia¬ 
tion from the critical value can be permitted without 
any high voltages resulting. 


TABLE VII 

Tabulation shows variation of calculated arcing ground voltages for 
variation of neutral grounding reactance above and below the 
critical value 


x n 

e 

V, 

xz 

0 

Vi 

X C 

E 

*c 

E 

1.0 

1.0 

1.36 

1.0 

1.0 

1.36 

1.1 

0.913 

1.38 

0.9 

1.105 

1.39 

1.2 

0.84 

1.43 

0.8 

1.234 

1.52 

1.3 

0.778 

1.92 

0.7 

1,4 

2.60 


Petersen Coil. The Petersen Coil is a special type of 
neutral grounding reactor in which the lagging current 
which the coil permits to flow when one line becomes 
grounded is equal to the charging current of the two 
sound lines. For this condition the lagging component 
of the fault current is practically equal to the total 
short circuit current so that 



(64) 


But x a = x n x in which x n is the reactance of the 
Petersen Coil and x is one-third the sum of the zero, 
positive, and negative sequence reactances of the 
circuit. And then 


x„ = 



(65) 


X a - (X„ + Xi + Xt) 



(65a) 


The value of 0 corresponding to the value of x„ given 
for the Petersen Coil by Equation (65) is 



( 66 ) 


The reactance of the Petersen Coil as given by (65a) 
will be less than the critical value given by (63a) by an 
amount depending upon the relative values of the zero 
and negative phase sequence reactances. The value 
of 0 as given by (66) for the Petersen Coil is very 
nearly unity. 

The principle of operation of the Petersen Coil is 
that of balance between the short-circuit current and 
charging current in the fault. When this balance ex¬ 
ists the arc is supposed to go out from lack of current 
to maintain it. When the Petersen Coil is out of tune 
there is no longer a balance of lagging and leading 
currents and the arc persists. However, this is not 
serious because no harmful overvoltages will result 
unless the unbalance is considerable, as reference to 
Table VII will show. 

Series Resistance and Reactance. For a neutral 
grounding impedance consisting of resistance and re¬ 
actance the damping factor (1 — a) should be deter- 
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mined from (40) in combination with (38) or (36) de¬ 
pending upon the values of the circuit constants. 

Parallel Resistance and Inductance. It has been 
found cheaper to obtain a given required value of ohms 
by the use of an inductance than by use of resistance. 
However, an inductance in the neutral ground connec¬ 
tion causes the arcing ground voltages to calculate 
higher than resistance. This can be overcome by 
the use of a high resistance in parallel with the induc¬ 
tance, and this resistance need not be expensive because 
it need not have a high current carrying capacity. 

An exaet analysis of this circuit leads to a third de¬ 
gree differential equation which does not readily permit 
a general solution. With the circuit as shown in 
Fig. 10c the equation for the current is 


i = 


K 

L 


F(p) 


f ( p ) =p 3 + (^-f--r 



1 

L C 


</> = 
6 = 

E c = E 0 — Ei 

+ 


n(K]C_+ w 2 ) — m 2 (K — KJ 
n 2 + m 2 

(g K ' + w 2 ) + n (K - gO 
n 2 + m 2 

r„ 


6 


{ L C (K- + m 2 ) c 
6 


T ® 

W (1 — e - c( ) 


L C (K 2 + m 2 ) L C (K* + m 2 ) 


e Cesmt 


d> 

+ r n !v~i i—r - € -,,< Sinmt • 
L C (K 1 -1- m 2 )m 

As an example, consider a 66-kv. line, 50 miles long, 
carrying 25,000-kv-a. and assume 25 per cent system 
reactance at point of fault, and also assume that the 
neutral is grounded through 50 per cent reactance in 
parallel with 1000 ohms resistance. Then 


+ LL n + Lite = (P + c ) (P + (P + «) 

In this equation ( i) is the discharge current to ground 
from the charges trapped on the two sound lines. What 
we are interested in is the voltage left on the lines at 
the end of one-half of a normal frequency cycle or the 
voltage on the condenser part of the equivalent circuit, 
which is 

B - - £ '- Jo 



Actual 

Effective 

r n 

1000 ohms 

1000 ohms 

L n 

0.2306 H 

0.2306 II 

L 

0.11531* 

0:03841/ 

r 

12 ohms 

4 ohms 

C a 

0.375 fi f. 

1.125 m f- 


The solution of the differential operator gives 
c = 29760 

b = 305 — j 1859 — n — j m 
a = 305 + j 1859 = n + j m 

From which 


E c = E 0 — 


Eo 

LC 



(c - a) (c- b) (p + c) 


+ 



(b- a) (b- c) (p + 6) 


+ 



(a - b) (a - c ) (p + a) j 




(l-e-0 


c (c — a) (c — b) 


b (b — a) (c — b) a (b — a) (c — a) J 

In the solution the numerical values of the roots are 
substituted at this point. 

Let b = n — jm K = c — n 

a = n +jm K' = ~~ — % 


K = 29.41 10 3 K' = 4.035 10 3 
4> =- 14.5210 3 
6 = 36.6 

Tc= 24.2100 

K 2 + m 2 = 869 10° 

LC (K 2 + m 2 ) = °- 02785 

E e = E 0 - Eo { 0.0245 (1 - e- 20760 ') + 1.018 

- 1.018 6- 308 ' Cos 1859 t - .2175 e" 306 ' Sin 1859 <} 
When t = 0 this equation gives the condenser voltage 
as the initial voltage and when t is very large the con¬ 
denser voltage is practically 0. The fact that it is 
not 0 is probably due to some slight inaccuracy in the 
solution for the roots. The factor (1 — a) is eq ual to 
e -8t>6« and at the end of one-half a normal frequency 
cycle is approximately 0.08, so that there is no chance 
for arcing ground voltages. 

As a second example assume that the grounding 
device consisted of a 500 per cent reactance in parallel 
with 1210-ohm resistance and then r n = 1210 ohms 
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and L n = 2.306 H. The roots of the differential 
operator are (c = 31370), (6 = 380 — j 1037), (a = 380 
+ j 1037) so that the damping factor is (1 — a) = e _380< 
and at the end of half a normal frequency cycle (1 — a) 
is about 0.043. 

It can be said in general that it is possible to ground 
the neutral through a very high relative value of 
reactance shunted by a resistance and still be entirely 
free from danger of arcing ground voltages. 

Appendix 

Basis op Analysis 

The analysis of arcing ground phenomena is based 
on the familiar theory of condenser and discharge 



charge through a resistance and inductance with the 
constants considered concentrated as shown in Fig. 14. 
When a constant voltage e is suddenly applied the 
condenser voltage e c is given by 



Cos wt + — Sin w t 
9 




1 + at 


( 2 ) 



Cosh ffi t + — Sinh © t 


(3) 


a 



(r+s) e 


2L 


s 

2 L 


t — (r— s) e 



(4) 


r j i 

2 L W "\Tc"4^ 


r 2 




1 

L C 




( 6 ) 

e c = voltage across capacitor at time t 
e = applied voltage for charge-initial voltage for 
discharge 

r — resistance in ohms 
L = inductance in henrys 
C = capacitance in farads 

Equations (1), (2), and (3) are for the oscillatory, 
critical, and non-oscillatory cases respectively. For 
discharge the expressions are the same except that the 


figure 1 is left out, leaving on the right side only the 
term affected by e ~ at . 

It is easy to see from Equation (1) that the maximum 
value of condenser voltage occurs when cat — t and is 
e c = e(l +€-“) (7) 

The limiting maximum occurs when r — o and is 2 e. 
The amplitude A of the oscillation is equal to the applied 
voltage. Suppose the condenser already had a voltage 
ex at the time a voltage e„ was impressed, then the 
voltage applied to the condenser would be the dif¬ 
ference between the impressed and the initial voltage. 
The following relations would hold 


Initial voltage 

= ei 1 


Impressed voltage 

— 6 0 


Applied voltage e 

= e 0 — e l 

(8) 

Amplitude A 

= e 0 - ei 

(9) 

Maximum voltage V 

— e 0 + A 

(10) 


These relationships are illustrated in Fig. 14a. 



Impressed voltage «e 0 

Initial voltage 

Applied voltage «e 
e« e 0 -ei 

Amplitude «A 

A» e«eo"*i 


.Capacitance Relations—Overhead Lines 

The capacitance relations in a three-phase or single¬ 
phase circuit can be obtained easily from the standard 
potential equations. These equations give the poten¬ 
tial of a conductor due to its own charge and to all the 
charges on nearby conductors. These equations are 
Vx — Qi Ax + Q 2 £12 + Q 3 B 13 
V* = Qx B21 + Q2 A2 + Q3 B23 
V3 = Qx B 31 + Q2 B32 + Q3 A3 

In this equation the voltages are above zero poten¬ 
tial. For overhead lines the surface of the earth is 
usually taken as the neutral plane and the voltage Vi, 
etc., are then voltage to ground. 

Capacitance is defined as ratio of charge to potential 
and therefore 





Qs 


V 3 


Cn = Effective capacitance of conductor to ground 




A\ Bi 2 Bia 


Ax FxBis 

Dz = 

B2I A 2 B 23 

D z " = 

■B21 V 2 B 2 Z 


Bzi Bzi Az 


Bzi V 3 A3 


Vi Bn Bn 

• 

Ax BnVt 

zv= 

V 2 A2 B 23 

Ds" = 

B 21 A 2 V 2 


V3 B 32 Az 


Bzi BzzVz 
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Transactions A. I. E. E. 


If we write 

Kl =* A .2 A3— J? 23 2 Kl 2 — As B12 — B23 Bsi 

Kz «= As Ai — 1?31 2 K 2 S = Ai B 2 S — .Z?31 B 12 

■K3 = Ai A2 — B12 2 .K31 “ A2 I ?31 — B12 -B23 

K = AilTi— B12K12 — BsiKzi 

then 


Qi - Vi 


T/ -^ 12 T 7 

F2 K K 



Kn 

K 




h =2 1 ri(y 1 -^--y s -^-y 3 ^ 1 ) 

Ji = charging current line 1, others in same manner. 

Io — II + I* + Iz 

I 0 = residual charging current in the ground. 

In the equations for I, etc., the voltages Vi, Vi, and 
V a are to he taken as vectors. 

In this system of equations the units used are the 
farad and volt. The factor A is the capacitive coeffi¬ 
cient of self induction and B is the capacitive coeffi¬ 
cient of neutral induction. 

. 1 „ 0.03883 

A = C =-oT" * n mcf./mi. . 

Log —— 
r 





0.03883 

r R 
Los — 


in mcf/mi. 


Log's to be taken to base 10. 

C = self capacitance of a conductor to ground. 

C m = neutral capacitance between pairs of conductors. 
h = height of conductor above ground, 
r = radius of conductor. 

R = distance from a conductor to image of the other. 
S = spacing between conductors. 

Single-phase Circuit, Fig. 15. 

For two-wire circuit the foregoing method gives 



Cn = effective capacitance to ground of first wire 
C 22 = effective capacitance to ground of second wire. 
For a single-phase circuit there results 



C« = capacitance to ground of one of two wires, when 
connected in multiple 

C t = capacitance to ground and second wire, when 
second wire is grounded 

C 0 = capacitance to second wire only, when second 
wire is grounded 

C„ = capacitance of one wire to neutral when part of 
single-phase circuit. 

If the conductors are transposed to obtain balanced 

condition to ground there results 


C =* C l - Cl C m - C 12 _ 

h = y/hiha r = s/riTi 






July 1930 


CLEM: ARCING GROUDNS 


987 


Three-Phase Circuit, Fig. 16. 

_ For the three-phase circuit only the transposed con¬ 
dition will be considered, and then: 

C = Cl — Ci = Cs Cm — C = Ci3 — 0 31 

H = yhihihz r = -y n r 2 r 3 

R = V Rl Rl S = y Yx sl sl 


C a 


1 + 2 


C n 


1 

~ A + 2 B 



Co 



A 

~ (A — B) (A + 2 B) 



C 0 - capacitance to ground and third conductor, when 
third conductor is grounded, of each of two 
conductors in multiple 

Co = capacitance to grounded wire of each conductor 
for conditions as for C t 

C n = capacitance to neutral of each conductor of a 
three-phase circuit. 



_ B _ 

“ (A - B) (A + 2 B) Fig. 19 


•7. 


V ’So 


Fig. 20 


Fig. 21 


C n 


C 1 

C ~ (A - B) 
C m 



C a = capacitance to ground of each of three conduc¬ 
tors when all three are in multiple 


Three-Phase Circuit—One Ground Wire. Fig. 17. 
h, r, R, S, same as Fig. 16. 

Si = \/ SuSuSst 


Ri — ■{/ Rn Rn Ru 

The formulas given for the three-phase circuit apply if 


A- 


B- 


BS 


-j£— is used in place of A 


B? 


is used in place of B 


Three-Phase Circuit — -2 Ground Wires. Fig. 18. 
h, r, R, S, Ri, Si, same as Fig. 16 and Fig. 17. 

Ss = A/ Si&Si&Sm 


Ri — A/ Ris Ru Rn 

The formulas given for the three-phase circuit apply if 
/ As Bi — Bs B^ \ / Ai Bs — Bi B 

A ~\ a.a.~ r..* ) B *-\ 


46 


A4 A5 — B 45 2 
is used for A 

' As B4 — Bs B46 


B-( 


B 45 2 


)s.-( 


A4 As — B45 2 


A 4 Bs — B 4 B 


45 


A 4 A s — B 


A 4 As • 
is used for B 

Three-Phase Double Circuit Line. Fig. 19. 
S f — K/ Su $25 $36 
R f 


46 


)B S 


)Bs 


R U -^26 Rz6 
S ,f = \/S2iSuSu’ 
R tf =* </ K 24 -K 26 Rib 
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Transactions A. I. E. E. 


The formulas given for the single three-phase circuit 
apply if 

A -f B' is used for A. 

B + B" is used for B. 

Double Circuit Line with One Ground Wire. Fig. 20. 
1S7 = •{/ Sn Sh S31 
, Bt — \/ Rn R27 R37 

The equations for the single three-phase circuit 
apply if 

B 1 i 

A + B' — — 7 — isused for A 

A7 

B 2 

B + B" — — 7 — isused for B 
A 7 

B' and B" obtained as from Fig. 19. 

Double Circuit Line—Two Ground Wires. Fig. 21. 

St — Sit Stt Sat = S7 

Rs ■* </ Rit Ra Ras = R7 

The equations given for a single circuit line apply if 


A + B' — 5 —isusedforA. 

A7 -+- Jt>78 

2 B 2 

B + J3" — —r ? p — is used for B. 

A 7 + i578 
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Discussion 

L. V. Bewley: There are two generally accepted theories 
of arcing grounds, which have been called the normal frequency 
are control, and the oscillatory frequency arc control, corre¬ 
sponding respectively to the way in which the arc is assumed to 
go out. Hitherto these theories have been developed from the 
following assumptions and premises: 

. (1) A system of lumped constants. 

(2) Line-to-line capacitance neglected. 

(3) Line-to-ground capacitances equal for each line. 

(4) Line reactance neglected. 1 

(5) Transformer reactance neglected. 

(6) Transformer saturation neglected. 

(7) Load connections neglected. 

(8) Load at instant of fault neglected. 

(9) Line losses neglected. 

(10) Neutral impedances neglected. 

(11) Gap ionization and characteristics neglected. 

(12) Traveling waves non-existent. 


(13) Location of fault on the line not taken into account. 

(14) High-frequency oscillation assumed to overshoot 10 per 

cent. ' 

(15) Arc waits each time for a successively increasing normal 
system frequency crest before striking. 

(16) The possibility of a superimposed subsequent switching 
surge not taken into account. 

(17) Neutral voltage not considered. 

In his paper Mr. Clem has contributed the following three 
refinements to the oscillatory frequency arc extinction theory: 

(a) Effect of line-to-line capacitance. 

(b) Effect of impedances in the neutral. 

(c) Approximate expressions for damping. 

He has not made a definite decision, however, as to which 
theory is nearer the truth, but has favored the one which gives 
the most pessimistic results. 

It Seems to me that the principal defects of the theory as 
it now stands, lie in assumptions (12), (15), and (16). Certainly 
the presence of traveling waves is going to change tho character 
of the phenomena, and how these traveling waves behave will 
depend decidedly upon items (4), (5), (6), (7), (8), (9), (10), 
(11), (13), and (16).' Some of these effects are optimistic and 
some pessimistic, but. in what direction their resultant points, 
I do not know. It does not appear reasonable to supposo that 
a gap which breaks down initially at the crest of the normal 
voltage wave, will require 2 l A times as much potential to broak 
it down the second time, 3 M times as much the third time, and 
so on. In fact, just the reverse would be expected, due to gap 
ionization, and partial disintegration of the insulation. 

In a series of laboratory arcing ground tests on a circuit of 
lumped constants representing a three-phase transmission lino, 
taken at Pittsfield, tho high-frequency oscillations were confined 
entirely to the neutral voltage, and occurred there only for very 
high neutral impedances. There was no evidence of a high- 
frequency oscillation in either the free or faulty lino-to-ground 
voltages. The high-frequency oscillation in tho neutral did not 
overshoot more than 75 per cent, yet the normal frequency 
voltage of the free line built up, in the case of an isolated neutral, 
to 314 per cent normal leg voltage. In these tests the gap 
became ionized a cycle or two after the initial arc, and there¬ 
after reignited at insignificant voltages. It was a very short 
gap, however, and the long arc of a transmission line would 
no doubt behave quite differently. 

A severe arcing ground may cause a circuit broakor to open, 
so that there is a possibility of a switching surge being super¬ 
imposed on the arcing ground surges. Perhaps tho resulting 
rise in potential will exceed that duo to either type of surge 
by itself. 

In my opinion, this question of arcing grounds will not bo 
settled until exhaustive tests have been made in the fields on 
actual transmission systems, including both overhead lines and 
cable systfems. 

The present theories and laboratory tests of arcing grounds 
are hedged in .by so many assumptions and neglected factors 
that, results obtained with them can hardly be regarded as 
conclusive. 

As an interesting little side light on Table II of Mr. Clem’s 
paper, it will be noticed that the maximum voltages of succes¬ 
sive arcs are related to each other as 


7* 


3 + 


Vk-i 

2 


Substituting repeatedly into the right hand member until 
& = 2, and summing the resulting finite series, there is 


V k 





) 



= 6 - 


3 

2*“1 
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Thus the ultimate maxi mum voltage approaches 7 = 6 as a 
limit. 

II. M. Truebloods Where operating conditions in power 
systems are such as to permit it, the use of neutral impedance as a 
means of limiting short-circuit currents is a valuable and im¬ 
portant inductive coordination measure. The figures Mr. Clem 
has arrived at for overhead systems, as shown in his Table IV, 
are therefore very encouraging. They indicate that from tho 
standpoint of arcing grounds, at least, neutral resistances in 
overhead' systems may have values sufficiently large to afford 
very definite relief in the average case of inductive exposure. 
On the other hand, the figures in Mr. Clem’s Table V arc not so 
encouraging, that is to say, tho magnitudes ol‘ neutral impedance 
shown in the right-hand column of the table would in most cases 
be too small to bo of much value as a measure of inductivo co¬ 
ordination where the problem involves voltages induced in 
communication circuits at times of faults to ground on power 
systems. 

This leads to the thought that a more careful examination 
should he made of the effects of various factors which Mr. Clem 
has found it necessary to ignore or merely to approximate in his 
analysis of this very complicated question. For example, the 
assumption is made that extinction of tho arc occurs on the 
oscillatory frequency basis, although it is stated that the phenom¬ 
enon is probably controlled by normal frequency arc extinc¬ 
tion. Other assumptions are also made in the direction of con¬ 
servatism in estimating the upper limiting values of neutral 
impedance which may safely be used. In the absence of infor¬ 
mation, it is natural and indeed advisable to do this, as tho two 
examples cited by Mr. Clem in his presentation indicate. Inci¬ 
dentally, it is interesting that in both examples, neutral reactance 
and not. resistance was involved. 1 think it is important to 
evaluate these unknown factors more closely, anti while I have 
no specific suggestions to offer at thin time as to how we might 
go about doing this, I sympathize strongly with the view ex¬ 
pressed by Mr. Bewley that the real way to get. an answer to 
questions of this kind is by tests. 

In reading the paper 1 found myself somewhat confused by 
the considerable variety of capacitance coefficients employed. 
There seems to be a distinct need of standardization of termi¬ 
nology in this field. It seems to me that it would help a good 
deal if the various kinds of capacitance coefficients could all bo 
made to depend upon t he fundamental idea of direct capacitance. 

Mr. Clem’s conclusion from Table II, that the maximum 
voltage is six times normal line-to-noutral voltage, can bo 
obtained rather simply as follows: Considering absolute values 
in the line of figures “Max. V” in Table 11, any term can, of 
course, be obtained by adding the difference between it and the 
next preceding term to that preceding term. Examination of 
the sequence with this in mind shows that the absolute value of 
the nth term is * 

8 (‘ + i + ■■ ■ +i n -~i) 

The limit, of the sequence in parentheses is 2, so that tho ratio 
of the maximum voltage to .normal voltage is 3 times 2, or 0. 

H. II. Spencers Expression No. 47 of Mr. Clem’s paper 
shows that the limiting value of ground resistance is two-thirds 
of the geometrical mean of the reactance duo to capacitance and 
the system reactance. I should like to ask Mr. Clem to desig¬ 
nate that for us, so we can be sure what system reactance to use: 
whether it is positive, negative, or zero phase sequence or some 
weighted average value. I should think the arithmetical mean 
of the three would be the best value since tho ground short 


circuit current with a single-phase fault is equal to three over the 
sum of the per unit reactances. 

J. E. Clems Mr. Bewley called attention to the fact that 
several assumptions were made in working out tho theory of 
my paper. This is perfectly true and it is in line with tho general 
practise used in solving problems which involve many variables. 
This is done because it is expected that the assumptions will be 
made in such a way as will not seriously impair the usefulness 
of the final result. In connection with this it is interesting to 
note that Mr. Bewley presented an equation for ground wire 
protection in his discussion of Mr. Dwight’s paper which he 
said he had worked up by considering practically everything 
he could think of. That equation is identical with one which J. 
worked up independently on the simple assumption of static 
conditions. The decision as to what to neglect and what, to 
consider depends to a great extent upon the purpose of the 
analysis, ff, as in this case.*, the purpose is the determination of 
tho limiting values then only tho major items need be brought 
in. Frequently the attempt to include a lot of minor factors 
in an analysis merely increases the work without improving the 
engineering value of the result. 

However, it appears that 1 have included more factors than 
Mr. Bewley realizes in the analysis with impedance in the neu¬ 
tral. For that case his items 4, 5, 7, 9, 13, and 17 are includod, 
either directly or indirectly, in addition to the items ho men¬ 
tioned. That leaves 0, 8, Ji, 12, 15, and 17. The important 
items are 11, 13, and 10. If the gap is relatively short, ioniza¬ 
tion will probably tend to cause the arc to maintain itself and to 
prevent the building up of tho arcing ground phenomenon. 
For item 15 it is hard to visualize just how the arc would wait 
for successively increasing voltages before restriking but tho fact 
that overvoltages have been built up duo to an arcing ground 
indicates that something akin to this does take place. In regard 
to item lb if a switching surge wore to be superposed upon the 
arcing ground phenomenon then voltages higher than 5J 4 to (5 
times normal line to neutral voltage' should be observed. How¬ 
ever, during the surge voltage investigation .of tho past few 
years no voltiiges higher than these have been observed as a 
result of the switching surge on the system of the Consumers 
Power Company. This system operates with an isolated neutral 
and therefore should be subject, to the higher arcing ground 
voltages. 

I am heartily in agreement with Mr. Bewley’s ideas in regard 
to tests on the transmission line. Tests in the liehl under operat¬ 
ing conditions are the ultimate proof of any analysis and I 
should like to venture the prophecy that the tests will not show 
as high, voltages as are indicated in the analysis. However, the 
design of insulation must be based on extreme conditions and an 
analysis which gives limiting values which are not entirely im¬ 
possible of attainment has a value. 

Dr. Trueblood calls attention to tho fact that the limiting 
values of resistance in Table V are relatively less than those in 
Table IV. Table V refers to cable systems and the relatively 
larger capacitance of cable systems reduces the critical resistance. 
This need not cause undue apprehension because cable circuits 
do not cause as much telephone interference as overhead linos. 

There is no need for anyone to be confused by the capacitance 
coefficients since they all depend upon two fundamental values 
of direct capacitance. These are the capacitance of a conductor 
to ground and the mutual capacitance between pairs of con¬ 
ductors. All capacitance values of involved configuration of 
conductors can be expressed by moans of these two fundamental 
values. 

The reactance xi used in Equation (47 J should be taken as 
the positive sequence reactance. 



Fused Grading Shields 

BY H. A. FREY 1 and E. M. SKIPPER 1 

Associate, A. I. E. E. Non-member 

Synopsis: —The fused grading shield was developed primarily entire lines provides a means of obtaining the reduced insulation 
to reduce the number of outages due to insulator flashovers on tram- without increased outages . 

mission lines . Recent practise of reducing the insulation adjacent Laboratory and field data are presented showing the characteristics 
to terminals has increased the number of flashovers in these sectiom . of the device as well as the results of several years of operating 
The fused grading shield while not always economically feasible for experience . 


T HE use of fuses in conjunction with grading shields 
and arcing horns was first tried on two circuits of 
the Columbia-Terminal Station line of the Union 
Gas and Electric Company in the spring of 1927. The 
device as first installed has been very completely 
described by Mr. Philip Stewart of the Union Gas and 
Electric Company in previous papers. 2 It consisted of 
the usual grading shield and arcing horn combination 
except that the grading shield was insulated from the 
line by two standard suspension units. These two 
units were then short circuited by means of a high- 
voltage fuse of the carbon tetrachloride type. In the 
event of a flashover of the insulator string the arc 
formed between the grading shield and the top arcing 
horns, forcing the ground current to flow through the 
fuse. The operation of the fuse extinguished the arc by 
disconnecting the grading shield from, the line. This 
operation was so rapid that no line outage occurred. 

This device operated so successfully during the 1927 
lightning season that in 1928 the company decided to 
equip the remaining two circuits between Columbia 
and Terminal Station with similar equipments. The 
original fused grading shields, requiring as they did 
two additional insulator units per string, were not 
particularly economical. The redesigned assemblies 
eliminated this feature. The grading shield was placed 
in its usual position at the bottom of the string with 
fuses in place of arcing horns at the ground end. Ex¬ 
pulsion type fuses replaced the carbon tetrachloride 
fuses and with this set-up it was found possible to use 
two fuses per assembly in place of one. Tests showed 
that except in rare cases no arc would strike to both 
fuses at once. This, of course, meant that after one 
operation there would still be one fuse available in the 
event of further trouble at the same point. 

The 1928 operating experience on this line was again 
very favorable and has been completely reported by 
Mr. Stewart. 3 

The adoption of the double ended expulsion type of 
fuse which is now standard on fused grading shield 
assemblies was the outcome of a large number of short 

1. Locke Insulator Corp., Baltimore, Md. 

2. Report to Overhead Systems Committee of N. E. L. A. 
presented in Chicago in October 1927. 

3. Fused Arcing Horns and Grading Rings, by P. Stewart 
A. I. E. E. Tbans., Vol. 48, July, 1929, p. 891. 

Presented at the North Eastern District Meeting of the A. I. E. E., 
Springfield, Mass., May 7-10,1930. 


circuit tests using various shield and fuse combinations. 
For various line voltages the proper voltage rating of 
the fuse is as follows: 

Line voltage Fuse 

22,000 IS kv. 

33,000 25 “ 

66,000 37 “ 

110,000 73 “ 

132,000 73 “ 

Coincident with these tests a number of impulse tests 
was also run to determine the correct setting of the 
grading shield and the fuses in order to assure the 
formation of the arc between the shield and the tips of 
the fuses. The tests which were made for this purpose 
were conducted using an impulse of very steep wave- 
front and with a tail falling to one-half crest value in 
about five microseconds. This type of wave, having a 
very steep front, is more severe from the standpoint of 
cascading than the usual wave encountered in practise. 
Obviously if the arc cascaded the insulator string and 
failed to strike to the fuse, the entire object of the 
device would be defeated. 

It was found that if the arcing distance between fuse 
and shields did not exceed 80 per cent of the striking 
distance across the unshielded string, satisfactory arc 
clearing characteristics could be expected. 

The foregoing tests, of course, all fall under the 
general heading of Development Tests but a n um ber of 
tests has also been made to determine the operating 
characteristics of the device. These tests have been 
conducted both in the high-current testing laboratory 
of the General Electric Company and in the field. On 
all of the short circuit tests the arc was originated by 
means of a piece of fine fuse wire strung between the 
fuse tips and the shield. Table I gives a summary of 
these tests. 

It will be noted that out .of 21 tests there were 2 
arcs which failed to dear or, ignoring the laboratory 
tests, 2 out of 15. On both of these tests the available 
current was very small. The time required for any fuse 
to operate and clear the circuit becomes greater as the 
short circuit current decreases. With currents of the 
order of 100 amperes the time required for the fuse to 
clear is so great that even moderate winds are likely to 
blow the arc away from the fuse tips and onto the 
tower hardware in which position, of course, it is beyond 
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TABLE I—LABORATORY AND FIELD TESTS 


Test No. 

Date 

Nature of test 

Line voltage 
Kv. 

Kv. to ground 

Frequency cycles 
per sec. 

Interrupted 

current 

Time to clear sec. 

1 

Apr. 1928 

Laboratory 


37 

25 

572 

0.00 

2 

44 44 

44 


37 

25 

630 

0.06 

3 

U 44 

44 


37 

25 

770 

0.025 

4 

44 U 

44 


37 

25 

1482 

0.04 

5 

44 44 

44 


37 

25 

1720 

0.04 

6 

44 it 

44 


37 

25 

2340 

0.02 

7 

May 1928 

Field 

06 

38 

60 

100 

0.60 Failed to clear 

8 

44 44 

44 

66 

38 

00 

115 

1.0 Failed to clear 

0 

44 44 

44 

06 

38 

00 

250 

0.075 

10 

44 44 

44 

06 

38 

60 

250 

0.007 

11 

44 44 

44 

60 

38 

00 

400 

0.042 

12 

44 44 

44 

60 

38 

00 

2500 

0.0125 

13 

June 1929 

44 

110 

03.5 

60 

314 

0.0075 

14 

44 44 

44 

110 

03.5 

60 

388 

0.05 

15 

44 44 

44 

110 

03.5 

GO 

639 

0.146 

10 

44 44 

44 

110 

03.5 

60 

1112 

0.0416 

17 

44 44 

44 

110 

63.5 

00 

1955 

0.046 

18 

44 44 

44 

110 

03.5 

00 

2878 

0.025 

19 

44 44 

“ 

110 

63.5 

00 

3454 

0.021 

20 

44 44 

44 

110 

03.5 

00 

4002 

0.021 

21 

44 44 

44 

110 

03.5 

00 

5120 

0.021 


the control of the fuse. This is what happened in the 
two cases in question. Two hundred amperes appear 
to be the minimum current limit for satisfactory opera¬ 
tion of the fused grading shield. The upper limit of 
short circuit current has not as yet been determined but 
tests have been made on short circuit currents as high as 
5120 amperes with perfect success. 

Figs. 1, 2, and 3, are respectively the oscillograms 
taken during tests 17, 19, and 21. It should be noted 
that the maximum recovery voltage shown on these 
oscillograms is 1.225 times normal. 

In addition to the tests listed in this tabulation, a 
series of tests was conducted by the Carolina Power and 
Light Company at the Swannanoa Substation near 
Asheville, North Carolina. Unfortunately no oscillo¬ 
graph was available to record accurately the current and 
duration of the arc. It is estimated, however, that the 
short circuit current of the system at this point is around 
250 amperes. The system voltage is 66 kv. 

The four fuse grading assembly of the type shown in 
Fig. 4 was used for this test. Seven arcs were started, 
all of which cleared successfully without operation of 
the line relays. During one short circuit two fuses 
were blown. In this case the wind carried the arc from 
the tip of the fuse from which it had started to the tip of 
an adjacent fuse. Attempt was made to repeat this 
on succeeding tests by starting the arc on the windward 
side. Despite this no further example of more than a 
single fuse operating occurred. 

Fig. 5 shows the fused grading shield during another 
field test clearing a ground current of 2878 amperes. 
The flame is quite clearly being ejected from both ends 
of the tube. It will also be noted that the original arc 
between the tips of the fuse and grading shield is re¬ 
maining well clear of the insulator string. 

Fig. 6 shows a grading shield from which six arcs 
had been initiated prior to the taking of the photograph. 
While the shield was slightly burned, it is still perfectly 


serviceable. Indications are that with the rapid 
clearing of the arc the life of the grading shield will be 
practically indefinite. 

Fused grading shields were first designed for use on 
all the insulator strings of a complete transmission line 
but it is unlikely that this type of installation is to be 
recommended except under special conditions where 
line outages assume extremely serious proportions. 
Where the expenditure can be justified by conditions 
there is little doubt that almost perfect protection 
will result. 

The fused grading shield, however, has another very 
definite use which is certainly economical and practical. 
This use is as relief gaps on those insulator strings 
immediately adjacent to terminals. 

The modern tendency in transmission line design is 
largely toward the overinsulation of the line with a view 
to reducing the number of outages caused by insulator 
flashover. This practise has resulted in improved line 
service but where the path of the storm is close to a line 
terminal it has in many cases merely shifted the burden 
to the substation apparatus. It is relatively easy to add 
a few units to an insulator string and for the higher 
voltages at least relatively inexpensive. On the other 
hand it is very difficult and expensive to attempt to 
raise the insulation of the substation apparatus to the 
level of the increased line insulation. It has therefore 
become customary to reduce the line insulation im¬ 
mediately adjacent to the terminal to a value which will 
balance with the terminal equipment insulation. 

Due to the rapidity with which lightning surges on 
transmission lines are attenuated most disturbances 
originating several miles out on the line will probably 
be reduced below dangerous proportions before they 
reach the reduced insulation. Nevertheless, there will 
naturally be an increased number of flashovers ad¬ 
jacent to the terminals resulting in a corresponding 
increase in number of line outages. There is also the 
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added danger of damaging the insulator units at this 
point, thus causing a prolonged outage while repairs 
are being made. The use of a standard grading shield 
on the shortened strings will prevent the insulator 
damage but cannot prevent the line trip-out when 
flashover occurs. 
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Fig. 3 

Figs. 1, 2, and 3—Oscillograms Obtained during Field 

Tests 

Shewing short-circuit cusreixt and time to clear 

4 

If the fused grading shield is applied to the reduced 
insulation at the terminals and the gap between the 
fuse tip and shield adjusted to give the desired flashover 
voltage, then the excess voltage on the line will be 


relieved without an outage since the power current to 
ground is interrupted by the fuse without operation of 
the line relays. Unlike the lightning arrester the fused 



Fig. 4—Four-Fuse Type Assembly 



Fig. 5—Fused Grading Shield in Operation during One 
op Field Tests 



Fig. 6—Grading Shield apter Six Tests at High Current 

grading shield can be expected to cafe for only those 
surges whose magnitude is sufficient to are the mn 
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The lightning arrester would protect the station equip¬ 
ment from the hammer blows of smaller transients. 

For this class of service a fused grading shield 
equipped with four fuses, so that each assembly is 
capable of clearing four arcs without fuse renewal, has 
been developed. Two and three fuse assemblies have 
also been applied to this service to fit special conditions 
and each type of installation has been attended with 
marked success. 

These reduced gaps should be installed on each line 
for a distance of approximately one-fourth mile out from 
the terminal. A number of installations has been 
made equipped with only a single assembly on each line 
wire. So far, no difficulties have arisen as a result of 
the use of this single gap but as an additional safety 
factor it is certainly advantageous to have more than 
one gap on each conductor. 

It is important to remember that the last gap ad¬ 
jacent to the terminal should be placed as close as 
possible to the apparatus to be protected, otherwise it is 
quite possible that reflections will so build up within 
the substation as to result in breakdown or arc-over of 
the apparatus without affecting the fuse grading shield. 

In Table II is listed the proper gap setting of a fused 


TABLE XI—GAP SETTINGS TO BALANCE WITH 
STANDARD STATION EQUIPMENT 


Line voltage in 
kv. 

Fused grading 
shield gap in in. 

Approximate in¬ 
pulse FO of gap 

Approximate 60- 
cycle flashover of 
gap 

33 

10 in. 

310 

103 

66 

21 in. 

605 

206 

88 

31 in 

900 

290 

110 

37 in. 

1060 

345 

132 

41 in. 

1170 

380 


grading shield to balance with modern substation 
equipment. Here again it must be remembered that 
much of the older equipment was designed with lower 
insulation than that which is now being used. Hence 
in some cases it may be necessary to use a still smaller 
gap in order to balance with this old substation insula¬ 
tion. In many cases the switch insulators or bus 
supports in the substation constitute the weak link. 
When such is the case it may be necessary to set the 
reduced gap below the tabulated valifes in order to 
prevent flashover on disconnect switches and bus 
supports. 

Figs. 4, 7, and 8, show the 4, 8, and 2, fuse assemblies 
respectively. The 3 and 4 fuse types are most com¬ 
monly used for substation protection where it is 
probable that more than one arc may occur on an 
assembly during the course of a storm. The two fuse 
assembly has been applied to substations but is pri¬ 
marily applicable to line service. 

The double ended expulsion fuse which was chosen 
for use with fused grading shields presents several 
unique features. 

The fusible link of this fuse is placed at the upper end 
of a weatherproof fiber tube. To the lower end of the 


link is fastened a long copper pigtail which runs the 
entire length of the tube. The pigtail is held taut by. a 
compression spring at its lower end. The tube is 
capped at either end. The cap on the lower end is held 
in place by friction but the cap at the upper end is 



Fig. 7 


sweated in. When the fusible link is melted the com¬ 
pressed spring is released. The combination of forces 
of the released spring and of the gases generated in the 
tube blow out the cap and vent the tube, extinguishing 
the arc. 

With the expulsion type of fuse it is desirable to build 



Fig. 8 


Figs. 7 and 8—Three- and Two-Fuse Type Assemblies 

up the internal gas pressure promptly in order to obtain 
quick clearing. With the double end fuse only the 
lower cap opens on low-current operation so that there 
is no loss of pressure from the upper end of the fuse. 
The spring also aids in obtaining quick clearing under' 
low currents since it hurls the copper pigtail free of the 
fuse tube as soon as the fuse element melts. The 
maximum current rupturing capacity of an expulsion 
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fuse may be the point at which the fuse tube bursts due 
to excessive pressure. When the internal pressure 
becomes excessive in a double ended fuse the upper cap 
is blown out and the tube is vented from both ends. 
The double ended action is particularly desirable for 
fuses used on Fused Grading Shields since it reduces the 
unbalanced reaction. In rupturing high currents this 
unbalanced reaction might otherwise become sufficiently 
severe to give a violent kick to the supporting insulators. 

Some fears have been expressed that the spring and 
copper pigtail which are expelled-from the fuse might be 
sufficiently hot to start fires in grass or other inflam¬ 
mable material on which they might fall. During the 
tests it was found that in most cases the spring and 
pigtail were cool enough to be picked up by hand 
immediately after striking the ground. After a few of 
the very high current tests, notably No. 20 and No. 21, 
the elements were quite hot. In no case, however, was 
there any evidence of actual burning of the metal. It 
is this continued combustion of metal after falling 
from the line which has been responsible for grass fires 
in the past. 

During the high-current tests the expelled elements 
were thrown about 30 ft. from the insulator string. 

Further tests were made to determine the point at 
which corona formation would start about the copper 
pigtail in the fuse tube. It was found that with a 
standard 110-kv. fused grading shield of the two fuse 
type mounted on an eleven-unit string, the corona 
point was 82 kv. when the fuses were parallel to the 
conductor. With the fuse at right angles to the con¬ 
ductor, the corona point was 89 kv. The normal 
corona point on the standard grading shield assembly 
would be in the vicinity of 90 to 95 kv. 

Operating Experience 

Since the installation of the first fused grading shield 
in actual service an attempt has been made to keep an 
accurate record of its performance. 

Table III represents a summary of the operating 
characteristics of those fused grading shields which have 


been installed during the past three years. This table 
shows the approximate short circuit currents to ground, 
the number of failures to dear, and the number of cases 
of damage of substation apparatus protected by the 
fused grading shield and damage to the insulators on 
which the fused grading shield is mounted. Four 
trip-outs which may have been caused by arcs on the 
fused grading shield are also listed. Only the opera¬ 
tions on the Union Gas and Electric Company’s system 
which have not been previously reported by Mr. Stew¬ 
art are included in this table. Lightning arresters 
were not used on any of the installations listed in 
Table III. 

Table IV gives a list of those fused grading shield 
installations on which there have been no operations 
reported to date. All of the installations represented 
in this table are made as substation relief gaps except 
those on the Union Gas and Electric Company’s system. 

The only case of flashover or damage to the substa¬ 
tion equipment to be protected is that reported by the 
Pennsylvania Water and Power Company, where there 
have been four bushing flashovers since the fused 
grading shields were installed. Two of the bushing 
flashovers occurred simultaneously, one at each end of 
the line, apparently as a result of the same surge. In an 
effort to prevent a repetition of this the gap was reduced 
somewhat. After the reduction there were two more 
bushing flashovers. These occurred during an excep¬ 
tionally bad lightning season during which a large 
number of fuses was blown on this same system. There 
is little doubt that had no fused grading shields been 
installed the number of substation flashovers would 
have been considerably greater. 

On this system each end of the line wire is provided 
with 15 reduced gaps. This probably accounts for the 
large number of fuse operations shown on the operating 
records. The bulk of these fuse operations occurred 
during the second season. 

The installation of fused grading shields on the 
Memphis Power and Light Company’s North Memphis, 


TABLE III—OPERATING DATA 


Operating 

company 

Line or 
substation 

System 

voltage 

Ground 

current 

amperes 

Connected 

capacity 

kv-a. 

No. of gaps 
on each 
line wire 

Distance 
nearest 
gap to 
apparatus 
to be 
protected 

Date put 
in 

operation 

No. of 
operations 

No. of 
failures to 
clear 

No of 
cases of 
insulator 
damage 

No. of case 
ofP. O. of 
substation 
apparatus 

No. of trip¬ 
outs of line 
relay 

Memphis Pr. 

N. Memphis 


600 










&Lt. 

Ripley Sc 

60 kv. 

to 


1 

100-400 

June or 

2 

None 

None 

None 

2 


Covington 


800 



ft. 

July 1929 







Stations 












Minn. 4 Pr Sc 

Hibbing 

110 kv. 

415 to 

72.000 

3 

100 ft. 

May 27 

1 

it 

a 

« 

o 

Lt. 

Substa. 


920 

kv-a. 



1929 






Minn. Pr. & 

Nashwauk 

110 kv. 

422— 

72,000 

3 

200 ft. 

May 27, 

1 

it 

a 

it 

1 

Lt 

Substa. 


1083 

kv-a. 



1929 






Union Gas Sc 

Hartwell 

66 

1500- 

285,000 

On all 

200 ft. 

May 1928 

4 

It 

u 

tt 

o 

Elec. Oo. 

Substa. 


2000 

kv-a. 

towers 








Penna. Water 


70 kv 

300-600 

16,000 

15 

40-75 

Spring 

95 

1 

1 

4 

1 

Sc Pr. Oo. 






ft. 

1928 






Oarolina Pr. 

Swannanoa 

66 kv. 

250-300 

90,000 

1 

70 

April 

8 

None 

None 

None 

o 

Sc Lt. Co. 

Substa. 






1929 






Oarolina Pr. 

Brisco Sub¬ 

110 

About 

108,000 

1 

2500-3000 

Sept. 

* 2 

« 

« 

« 

o 

Sc Lt. Oo. 

sta. 


500 



ft. 

1929 
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Operating 

Station or lino 

Systoin voltage 

Approx. 

Connected 

No. of gaps on 

Distance of 
nearest gap to 

Date put in 


company 

ground current 

capacity lcv-a. 

each line wire 

apparatus 

operation 

Remarks 

Alabama Pr. Co. 

Leeds Substa. 

110 kv. 

4460 

300,000 

3 

900 ft. 

About Aug. 


Alabama Pr. Co. 

Anniston Sub- 


| 




1929 



sta. 

UOkv. 

2700 

300,000 

3 

1000 ft. 

About Aug. 


Carolina Pr. & lit. 

Hprnco Pines 






1929 


Company 

Hubsta. 

60 kv. 

350 

00,000 

1 

30 ft. 

Oct. 1929 


Carolina Pr. & Lfc. 

Cape Fear Hub¬ 






Company 
Louisiana Pr. & 

sta. 

Storlington 

110 kv. 

1500 

108,000 

1 

about 1 mile 

Sept. 1929 


lit. Company 
Union Gas & Elec. 

Hta. 

110 kv. 

1500-2000 

100,000-175,000 

1 

500-1000 ft. 

July 1929 


Co. 

Armco Lino 

66 kv. 

1000-1500 

24,000 

Used on every 


June 1928 

No outages on 




ampores 


tower 



line 


Ripley and Covington Substations are of the four fuse 
type. The d istance from North Memphis to Covington 
is 29 mi. and from Covington to Ripley 14 mi. There 
have been two cases of fuse operation, each accompanied 
by a line trip-out. The first operation resulted in the 
blowing of all fuses on all line wires at North Memphis, 
a total of 12 fuses. The second operation resulted in 
the blowing of one fuse on one line wire at Covington 
and one fuse on each of two line wires at Ripley. Ap¬ 
parently these operations were due to the same surge. 

Both of these surges must have been very severe in 
order to have arced so many gaps. The line trip-outs 
were undoubtedly caused by the flashover of other 
insulator strings out on the line which were not pro¬ 
tected by fused grading shields. 

On the installation at the Minnesota Power and 
Light Company’s Nashwauk Substation there has been 
one fuse operation and a simultaneous line trip-out. 
This line trip-out is believed to have been due to the arc 
at the fused grading shield but it is possible that it may 
have been due to another flashover out on the line on an 
unprotected insulator string. 

It is interesting to note that none of the operating 
companies has reported any trouble arising from the 
recovery voltage after a fuse operation. In addition to 
the operations listed in Table III Mr. Stewart has 
already reported 7 interruptions and 12 interruptions 
prevented by the fused grading shields on the Union 
Gas and Electric System. Some of the fuses on this 
system are of the carbon tetrachloride type and some of 
the single ended expulsion type. None of the double 
ended fuses are in use on the Union Gas and Electric 
system. 

So far no installations have been made using relief 
gaps on the station side of the choke coils. There is 
some doubt as to whether such an installation would be 
successful since it is possible that disturbances set up by 
the operation of the fuse would cause oscillation be¬ 
tween the choke coils and the transformer. A relatively 
small recovery voltage might be magnified by such 
reflections to dangerous proportions. 

The successful operation of the fused grading shield 
on any system is dependent not only upon the character¬ 


istics of the device itself but also upon the operating 
characteristics of the system. Before being installed 
on any system a careful check should be made on the 
relay settings to see that they are not too fast for the 
operation of the fuses. Obviously if the relays operate 
before the fuse clears the line will be tripped out even 
though the fuse might be quite successful in clearing 
the arc. 

The use of fused grading shields on delta connected 
systems should be given very careful pre liminar y 
consideration since on such systems the only current 
available for operating the fuse is the very small 
charging current of one line to ground, and any un¬ 
balanced currents which may be present on the system. 
There is some reason to believe that when used on delta 
systems flashover on one conductor would result in a 
corresponding flashover on another conductor. If this 
is the case there are really two fuses and two arcs in 
series with the line voltage. 

Where difficulty is encountered in installing the fused 
grading shield relief gaps close to the substations, 
several rather interesting types of construction have 
been developed. In one case, the Biscoe substation of 
the Carolina Power and light Company, it was im¬ 
possible to get the relief gap on a suspension string close 
to the station due to the presence of dead end towers at 
this point. There was not sufficient mechanical clear¬ 
ance in the jumper loop to place the fused grading 
shield on insulator strings supporting the jumper. 
The problem was solved by placing a vertical insulator 
string between the jumper and the tower erossarm and 
then suspending the insulators which support the fused 
grading shield on the bottom of this string with the fuse 
at the live side and the grading shield connected elec¬ 
trically to' ground by means of vertical tie down. This 
installation at the Biscoe station has had two satis¬ 
factory operations so far. ' 

Summary 

1. The minimum short circuit current which the 
fused grading shield, using a double ended expulsion 
fuse, can be expected to clear satisfactorily is about 
200 amperes. 
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2. The maximum short circuit which can be cleared 
has not been determined but it is in excess of 5100 
amperes. 

3. Out of a total of 28 tests made in the laboratory 
and in the field there have been only two cases of 
failure to clear. Both of these were with currents under 
200 amperes. 

4. Operating records show that out of a total of 113 
operations on modem assemblies in service there has 
been only one failure to clear with consequent damage 
to line insulators and four cases of flashover within the 
substation. There have been four cases in which the 
line has tripped out simultaneously with a fused grading 
shield operation. Of the four, two on ,the Memphis 
Power and Light Company system were probably due to 
other flashovers on unprotected strings. This leaves 
two cases of line trip-out for which the fused grading 
shield is probably responsible. 


Discussion 

F. E. Andrews: In regard to Mr. Frey’s paper, it is interest- 
mg to point out that in connection ‘with the new co ns truction 
described in Transmission Research and Design with the Field as a 
Laboratory (Andrews and Stroup, see p. 959), there is quite a 
considerable problem, particularly on the pole top switches. We 
have old style pole top switches with steel crossarms and 
grounded structures. If wewish to improve the performance of 
a line we change it to the improved construction, with a new 
pole-top switch of corresponding design. It is a pretty expensive 
thing. So it seems to me that the fused grading shield using two 
fuses for each assembly may be the answer and we are making a 
number of such installations with the expectation that these 
installations will take care of the flashovers which occur very 
frequently on these pole top switches without causing us any 
line outage. 

There are two or three questions I should like to ask Mr. Frey. 
What methods are recommended in regard to the inspection and 
replacement of fuses on these grading shields? Can the work be 
done without taking the lines out of service or should they be 
inspected after every lightning storm? Also, what size fuse is 
used and what would be the ampere rating of the fuses of this 
type, and how does the fuse rating compare with the current 
required for rupturing. 

J. E. Clems Messrs. Frey & Skipper in their paper state 
that the arcing distance between the fuse tip and grading ring 
must not exceed 80 per cent of the unshielded length of the 
insulator string to insure that the arc will always strike to the 
fuse. This requirement is correct and means either that the 
flashover voltage of the insulator string must be reduced by the 
application of the fused grading shield assembly, or that the 
insulator string must be increased in length if it is desired to 
maintain the lightning flashover voltage. Part of the increased 
length required is due to the ring itself, but by far the greater part 
is due to the space required by the fuses. The rating of the fuses 
for various line voltages as given in the paper was selected on the 
basis of using a fuse having a voltage rating approximately 
equivalent to the normal line to neutral voltage of the system. 
This gives fuses that sometimes are quite long relative to the 
length of the insulator string. 

The use of lightning arresters is considered to be the most 
satisfactory method of protection, but in order that the best 
results be secured, it is desirable that the insulation level ad¬ 
jacent to the station be kept at the proper value for the rated 
circuit voltage, either by reducing the number of line insulators 
near the station, or by the installation of a limiting gap. When 


the fused grading shield assembly is used to establish the required 
reference insulation level, it should be borne in mind that it is 
necessary that the reference insulation level be definitely and 
positively established. This requires an assurance that there 
are more fuses available than will be used up before the fuses can 
be replaced. This requirement probably holds when the fuse 
grading shield assembly is applied on the line for a short distance 
outside the station. However, when only one installation is 
made it is advisable to install at this point a plain gap having the 
proper setting and then to supplement this gap with the fused 
grading shield assembly set at a lower value. It seems that the 
use of the limiting gaps at one point is preferable to the use of 
several on the line outside the station because the lightning 
arrester has a much better chance of protecting the one gap 
closely adjacent to it than it has of protecting several gaps at 
varying distances up to a quarter or half a mile out from the 
station. 

O. R. Schurig: In referring to the application of expulsion 
fuses to fused grading shield assemblies, the authors have pointed 
out that at certain low currents, say 100 amperes, an occasional 
failure of the fuses has been observed, that is, the arc whipped to 
ground before the fuse cleared the circuit. It must be pointed 
out, however, that similar fuses in the same series of tests in¬ 
terrupted satisfactorily at all higher currents up to 2500 amperes. 
In subsequent tests short-circuit currents up to 5000 amperes 
were cleared with the fuses in fused grading shield assemblies. 

With the above points in mind attention is now called to the 
authors* data in Table III showing that the range of currents 
over which grading shield fuses have to operate is relatively 
small, something like 2 or 3 to one. On the basis of Table 1IT, 
therefore, a grading ring fuse required to interrupt several 
thousand amperes would not be called upon to interrupt currents 
of 100 or 200 amperes and vice versa. 

On systems requiring grading shield fuse operation at low 
interrupting currents of the order of 100 or 200 amperes, fuses 
suitable for the lower current range should be used. 

I should like to ask the authors if it is necessary to have fuses 
to clear at currents below 200 amperes. 

The second point to which I wish to call attention is the 
application of expulsion fuses to the protection of transformers 
in substations and branch circuits. In this application, the fuses 
are mounted with both ends connected to metal conductors on 
insulators. In other words, we do not begin by drawing an arc in 
the open air as in the gradual shield fuse. Hence the tendency 
to arc to ground is eliminated at all currents both low and high 
within the interrupting rating and fuses, will interrupt satis¬ 
factorily over a wide range of currents. 

W. H. Colburns This paper presents another method of 
protection against those surges which may result in flashover of 
insulators or damage to equipment and is itself a testimony to 
the unsatisfactory conditions which exist in regard to such 
protection. Among operating engineers there is no unanimity 
of opinion as to the best method of affording such protection. 

What is most needed now is full and accurate data bn operating 
experience and maintenance costs on the various methods, 
lightning arresters, ground wires, plain and fused grading shields,’ 
etc., over a long period, as well as capital outlay therefor, to 
enable us to arrive at conclusions regarding the best method of 
surge protection to adopt. 

H. A. Freys Replying to Mr. Andrews’ questions concerning 
the determination of whether or not a fuse is blown and what 
steps would need to be taken to keep the fuses in proper order on a 
transmission line,—these fuses have all been equipped with white 
caps in the lower end which are expelled when the fuse blows. 
The open end of the fuse can then be seen from the ground! 
Blown fuses can be replaced while the line is alive. Originally 
10 ampere fuses were used but more recently 5 ampere fuses have 
been used with success. The 5 ampere fuse is the present 
standard. 
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Mr. Clem has pointed out that in many cases it may be desir¬ 
able to use a single fused grading shield gap set for somewhat 
lower value than would be otherwise necessary and used in con¬ 
junction with a plain grading shield gap set for the value just 
necessary to balance the station insulation. That certainly is a 
very good idea where there will be less than the usual number of 
fuses used on each line wire. Ordinarily enough fuses are placed 
on each line wire so that there is very little possibility of all fuses 
blowing during one storm before they can be replaced. 

Mr. Sehurig asks if there is any necessity for a fuse which 
would operate below 200 amperes. Present.experience leads us 


to believe there is no necessity for such a fuse. As a matter of 
fact, the fuses which are being used at present seen! to fulfill all 
the requirements very well. Such need may arise when fuses are 
to be applied to delta connected systems. 

In closing I should like to point out again that the tests which 
are included in the paper were made in three different locations. 
The first set was made in the high-current laboratory of the 
General Electric Company at Schenectady, the second set was 
made at the Hartwell Substation of the Union Gas and Electric 
Company, and the last set in the Spring of 1929 at the Bessemer 
Field Laboratory of the Alabama Power & Light Company. 



Reduction of Eddy Current Losses 

by the Inverted Turn Transposition and the Twisted Lead 

Transposition 

BY JOHN M. LYONS* 

Associate, A. I. E. E. 


Synopsis.—The first section of the paper contains a brief review 
of the general theory underlying the determination of extra copper 
losses in armature windings carrying alternating currents . Sim¬ 
plified methods of calculation are then described . 

The second part extends the study of the inverted turn transposi¬ 
tion to the special case of three-phase windings having two phases 
connected in series to form a single-phase winding and the third 
phase left idle . Formulas and tables are presented to show what 
reductions in copper losses may be expected for this connection , and 


to aid in deciding what type of transposition is best for a given 
winding. 

The final section of the paper deals with the twisted lead trans¬ 
position, and presents formulas and tables showing reductions in 
extra losses to be gained from this method of inversion and con¬ 
nection . Details of the derivations of the formulas and examples of 
the use of the twisted lead transposition are contained in appendices 
at the end of the paper . 

* * * * * 


I. Introduction 

HE problem of determining the extra copper losses 
in rectangular conductors composing the arma¬ 
ture windings of large alternators has been covered 
in detail in the well-known papers listed in the refer¬ 
ences. From these and many other investigations 
several methods have been adopted commercially for 
reducing the parasitic eddy current losses and the extra 
heating which they produce. The methods now in use 
group themselves into two general classes. One class 
includes transpositions of the conductor laminations in 
the slot, and the second includes inversions or twists 
of whole conductors or leads in the end portions. T his 
paper will be concerned only with the second class. 

The “inverted turn transposition” has been used to 
great advantage on large multi-turn coils. In a 
previous Institute paper by Mr. I. H. Summers 1 the 
four arrangements of inverted turns as shown in 
Figs. 2-7 inclusive were described, and the correspond¬ 
ing reductions in copper losses were calculated and 
tabulated. These reduction factors can be applied to 
three-phase, quarter-phase, and single-phase windings 
in general. 

There is, however, one special type of single-phase 
winding which is not completely covered in that paper. 
Reference is made to the standard three-phase winding 
in which two phases are connected in series to form a 
single-phase winding, and the third phase is left idle. 
This connection has been applied to several large 
alternators in the last few years, and will, no doubt, 
find further use in the future. When high untransposed 
losses are encountered in this kind of winding, any one 
of the four types of inverted turn transposition can be 
utilized ju st as in standard windings, although the 

♦Turbine Generator Engg. Dept., General Electric Co., West 
Lynn, Mass. 

1. Reduction of Armature Copper Losses, by I. H. Summers, 

A. I. E. E. Trans., Vol. 46,1927, p. 101. 

Presented at the North Eastern District Meeting of the A. I: E. E., 
Springfield, Mass., May 7-10,19S0. 
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reduction factors will in general have different values. 
In the present paper the' formulas and tables of the 
previous paper are extended to include this special 
single-phase winding. 

Curves are presented in Figs. 8 to 12 inclusive which 
will decrease the work involved in making routine 
numerical calculations. These curves apply not only to 
windings with integral numbers of slots per pole per 
phase, but also to the general case of windings with 
fractional numbers of slots per pole per phase. 

The second purpose of the paper is to describe the 
so-called “Twisted Lead Transposition.” As the 



1 


1 

i 




Fig. 1—Standard Barbel Type Coil 
S howing successive positions in slot of a single strand—Type I, Table I 

name suggests, this transposition consists of a 180 deg. 
twist in one lead of each armature coil. To make the 
inversion effective, the conductor laminations are 
insulated throughout each phase belt. Formulas 
are derived and tables showing reductions in extra 
copper losses are presented in the second part of the 
paper. Various types of windings and coil groupings 
are treated, including the special case of the three-phase 
winding connected single-phase with one leg idle. 

II. General Theory 

A brief review of the fundamental theory underlying 
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thejietermination of extra copper losses in rectangular 
conductors is essential to a complete discussion of the 
problem. The basic cause of extra copper losses in 
slot-wound conductors carrying alternating current is 



Pig. 2—Barrel Type Coil with Odd Number of Turns 
All inverted at the end opposite connections—Type II, Table I 



Fia. 3 — Barrel Type Coil with Even Number op Turns 
All inverted at the end opposite connections—Type II, Table I 



Fig. 4—Barrel Type Coil with Odd Number op Turns 
All inverted at the connection end—Type III, Table I 

the uneven distribution of the current over the cross- 
section. The flux linkages, and hence the reactance, 
are greatest at the bottom of the conductor, and least 
at the top. The current is in effect forced toward the 
top of the conductor, since the same voltage drop occurs 
along all the elements of the conductor between points 


where the elements are solidly joined. This means 
that the copper losses at the top are greatly in 
excess of the average, and while the losses at the bottom 



Fig. 5—Barrel Type Coil with Even Number op Turns 
All inverted at the connection end—Type III, Table I 



Fig.6 — Barrel Type Coil with Even or Odd N umber op Turns 

Top half turn in upper coil side only inverted at connection end—Type 
IV, Table I 



Fig. 7—Barrel Type Coil with Even or Odd Number op 

Turns 

Bottom half turn in upper coil side only inverted at end opposite con¬ 
nections—Type V, Table I 

are less than the average, the total losses in the conduc¬ 
tor are greater than occur with the same total uniform 
current. Likewise, in the several turns in the slot, the 
extra loss is greatest in the top conductor and least in 
the bottom one. 
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Theories of this action have been worked out by 
various authors 2 * *, and equations for the variation in 
current density over a conductor have been developed. 
For practical use, formulas have been derived for 
calculating the ratio of a-c. copper loss to uniform 
current loss for solid conductors, infini tely laminated 
conductors, and laminations of finite thickness . The 
reader is referred to these papers for the complete deri¬ 
vations of the formulas, and for explanations of the 



Fig. 8—Reduction Factobs bob Type II Transposition 
Single-Phase Connection 

Use scale on right; for M «= 3 and M - 5 
Use scale on left for M - 7andM « 9 



Fig. 9 —Reduction Factors fob Type III Transposition 
Single-Phase Connection 


simplifying assumptions on which they are based. 
It is to be noted that four factors enter into all formulas 
and equations for current density and copper loss. 
These are: (1) frequency; (2) ratio of total copper 
width to slot width; (3) resistivity of copper; (4) total 
depth of conductor. These variables are generally 
collected into one factor D according to the equation: 

2. Heat Losses in the Conductors of Alternating-Current 
Machines , Waldo V. Lyon, A. I. E. E. Trans., Vol. 40, p. 1361. 

3. Bibliography given in Reference 1. 


D - L19 [ ~6dhn ] 2[6 r c (n d/in ‘ } 2 ]2 (1) 

which holds good for copper at 75 deg. cent. The 



Fig. 10—Reduction Factors for Type IV Transposition 
Single-Phase Connection, 

Even number of turns per coil 



Fig, 11—Reduction Factors for Type IV Transposition 


Single-Phase Connection 
O dd numbers of turns per coil 



Fig. 12—Reduction Factors for Type V Transposition 
Single-Phase Connection 
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meanings of the symbols are to be found in the table 
at the end of the paper. The ratio b takes account of 
the fact that the uneven current distribution is due to 
flux linkages in the core portions of the coil, while the 
laminations are insulated throughout the whole length 
of each turn. 

The copper loss in any conductor due to circulating 
currents depends not only on the current in that con¬ 
ductor, but also on the total current below it in the slot. 
Following the rules derived by Professor W. V. Lyon, 2 
in order to find the average loss in a coil it is. necessary 
to find a vector quantity I„ as follows. Let I k be the 
vector total current in the slot below the given conduc¬ 
tor, and let L be the vector current in the conductor. 
Then, for all conductors having laminations in a direct 
order (arbitrarily chosen), and for all solid conductors: 

I. - h (2) 

For conductors having laminations in the reverse order 
Io *= - Ii - L (3) 

The average value of I* over all the conductors in a coil 
must then be found and used in the equation 

1, * I, I o • ll 

L -rrrn (4) 

where the dot product stands for product of the mag¬ 
nitudes times the cosine of the angle between the 
vectors. 

The formula for L has not been presented before in 
the simple vector form of Equation (4). The vector 
form lends itself most readily to simplified derivations 
of the equations for L, and is to be generally preferred 
to scalar forms previously used. 

The general formula for the ratio of a- c. copper loss 
to uniform current loss is 

K = M r + LNr (S) 

M r and N r are the real parts of complex hyperbolic 
expressions, and relate to the copper loss due to current 
in a conductor, and to current below the conductor 
respectively. Using only the first terms in the series 
for the hyperbolic quantities, and subtracting the 
constant uniform current loss from the series for M T , 
the following formula is derived for the ratio of extra 
loss to constant loss 

* = (4 + 15 L) D (6) 

This formula will be used to calculate all extra copper 
losses in this paper. 

III. Inverted Turn Transpositions in Single- 
Phase Windings 

The quantity L, as defined in Equation (4), depends 
on the number of turns per coil and on the phase angle 
between the currents in the upper and lower coil sides. 
In the special single-phase winding with one phase idle 
there are three possibilities as regards the phase angle: 

1. The current in the lower coil side is in phase with 
that in the upper coil side. 

I 2 = m Ij. 



bottom half turn in upper coil Either |-/n 4 — 4m 3 +jn 2 +4j7i*fl m — 2 o ( d \~] (m± — 4 m z \ (m 2 -f 4 m -f 1\ | /m 4 — 4 m 3 \ (5 nr 

side only Inverted on end oppo- Even or [ + V ~ )\ V 4m* / + \ 4 m 2 ) \ 4m 2 J + V 

site connections Odd I 
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2. The current in the lower coil side is 180 deg. 
out of phase with that in the upper coil side. 

I s = — m Ii 

3. The current in the lower coil side is zero. 

I 2 = 0 

Table I gives all the possible values of L in terms of 
turns per coil for standard coils, and for the four types of 
inverted turn transposition. Derivations of L for a few 
typical cases are shown in Appendix A. 

Referring to the table, the value of L for standard 
multi-turn coils is 


L = 


m 2 — 1 

4 


Substituting this value in Equation (6) 
(15 to 2 + 1) 

4 D 


k = 


(7) 


( 8 ) 


In a coil with any other value of L the ratio of extra 
circulating current loss to the untransposed loss is, 
therefore 


16 + 60 L 
15 m 2 + 1 


( 9 ) 


This formula was used in calculating the reduction 
factors of Table II and the supplementary curves of 
Figs. 8-12. The table and curves cover the four types of 
transposition listed in Table I and shown in Figs. 2-7. 
They cover all ordinary numbers of turns per coil and 
all coil pitches. 

It is important to note that Equation (9) is used to 
compare the extra losses in transposed single-phase 
windings with the extra losses in normal untransposed 
three-phase double-layer windings having the same coil 
specifications. In other words the reduction factors 
are applied to the losses in standard windings of Type I, 
as calculated by the approximate formula given by 
Summers, 1 or by the exact equations derived by 
Professor Lyon. 2 The factors are not applied to the 


losses in the actual single-phase connection of the 
normal three-phase winding. The first method leads 
to simpler computations of extra losses, and at the 
same time gives the same results when comparing the 
loss reductions offered by the different transpositions. 

Several significant facts can be seen from an inspec¬ 
tion of the table and curves. In particular, Type II 
transpositions are most effective for coils with even 
numbers of turns. Type III transpositions are to be 
preferred for coils with odd numbers of turns, especially 
when the pitch lies between 83% per cent and 66% 
per cent. Types IV and V are not as effective in 
general as Types II and III, and are to be used only 
when space prohibits the use of Types II and III in 
coils with many turns. 

The special case of single-layer windings with 
standard coils of Type I can easily be treated by 
referring to Table I. For all coils of this type of 
winding 1 2 = 0, and hence for standard coils without 
transposition 

L = -1/4 

For this value of L the extra losses in a given winding 
with barrel-type coils are a minimum. No reductions 
can be made in the losses by any of the transpositions 
treated in this paper. Single-layer one-turn coils 
generally require reduction in extra losses, and such 
coils should be made up of half-turn bars with lamina¬ 
tions transposed in the slot portion by well-known 
methods. 

IV. Strand Loss in Special Single-Phase Winding 
The approximate formula for extra loss in the strands 
themselves, arising from the non-uniform distribution of 
current over each strand cross-section is 

2 

k, = 6.0 b i a v [ 60/gec ] [r» (d/in.) 2 ] 2 ( 10 ) 

This is the same equation as given in Reference (1). 
The variation of ^ a v with coil pitch for the special 
single-phase winding is shown in Fig. 13. 


TABLE 11 


REDUCTION FACTORS FOR CIRCULATING CURRENT LOSSES OBTAINED WITH INVERTED TURN TRANSPOSITIONS 
__Three-Phase Windings Connected Single-Phase with One Phase Idle 


Turns 

per 

coil 


Type of Tn 

ansposition 


II 

III 

IV * 

V 


Pit 

ch 



Pi 

bch 



Pitch 

Pitch 

0 

1/3 

2/3 

3/3 

0 

1/3 

2/3 

3/3 

H 

1/3 


3/3 

■ 

1/3 

2/3 

3/3 

2 

3 

4 

5 

6 

7 

8 

9 

10 

0.0164 

0.00736 

0.00416 

0.00266 

0.00185 

0.00136 

0.00104 

0.00082 

0.00067 

I 

0.0164 

0.2833 

0.00415 

0.1023 

0.00185 

0.0523 

0.00104 

0.0316 

0.00067 


0.262 

0.1176 

0.0664 

0.0425 

0.0295 

0.0217 

0.0166 

0.01307 

0.01063 

0.262 

0.0625 

0.0664 

0.0226 

0.0295 

0.0115 

0.0166 

0.00695 

0.01063 

0.262 

0.0625 

0.0664 

0.0226 

0.0295 

0.0115 

0.0166 

0.00695 

0.01063 

0.262 

0.1176 

0.0664 

0.0425 

0.0295 

0.0217 

0.0166 

0.01307 

0.01063 

0.262 

0.607 

0.768 

0.845 

0.891 

0.920 

0.939 

0.950 

0.960 

0.262 

0.405 

0.456 

0.475 

0.485 

0.491 

0.494 

0.495 

0.497 

0.262 

0.114 

0.0820 

0.0929 

0.1157 

0.1417 

0.1659 

0.1884 

0.2080 

0.262 

0.0197 

0.0197 

0.0809 

0.1525 

0.222 

0.283 

0.337 

0.383 

0.0778 

0.2035 

0.319 

0.411 

0.482 

0.540 

0.586 

0.625 

0.655 

0.0778 

0.112 

0.1635 

0.208 

0.242 

0.271 

0.294 

0.313 

0.328 

0.0778 

0.0380 

0.1015 

0.160 

0.205 

0.242 

0.270 

0.2935 

0.3125 

0.0778 

0.0564 

0.195 

0.315 

0.408 

0.482 

0.539 

0.586 

0.624 
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V. Reduction of Extra Circulating Current still further reduced. The reduction can be made 
Losses by the Twisted Lead Transposition comparable to the inverted turn transposition by 
The circulating currents in any winding can be re- making a 180 deg. twist in one lead of each coil, as 
duced by increasing the length of path which they must illustrated in Fig. 14. The effect of the twist is to 




Fig. 14—Twisted Lead Transposition of Barrel Type Coils 

A. Standard multi-turn coil with twisted lead 

B. Simplified detail of Insulated clip connections 

O. Conventional slot cross-sections of two consecutive coils a a 1 and 
bb l in a phase belt 

follow. For this reason, a coil with strands insulated 
from each other throughout the whole length of the coil 
suffers a lower extra copper loss than a coil with solid 
conductors, or with laminations solidly joined at the 
end of each half turn. If coils of the first type are 
clipped together so that the strands are insulated from 
each other throughout a phase belt, the extra loss is. 


Fig. 16—Stator Coil Connections, Twisted Lead Trans¬ 
position Showing Insulated Groups op Laminations Clipped 
Together 


transposed by this method. Although this is a rela¬ 
tively small number compared to the number using the 
inverted turn transposition, it should be noted that in 
machines where the twisted lead method is applied it is 
indispensable in reducing extra losses. An added impetus 
has been given to its use by the development of methods 
of calculating the ratio of the circulating current loss in 
such a winding to the loss in the same winding un¬ 
transposed. The formula which expresses this ratio 
is as follows: 


F = 


15 u (m/t) 2 + 1 
15 m* + 1 


( 11 ) 


This is a remarkably simple formula considering the 
complexity of the problem. The development of this 
equation is detailed in Appendix C. • In the formula, m 
is the number of turns per coil, t is the .number of coils 
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in the phase belt considered, and u is a factor depending 
on the way the. phase belt is split up as regards phase 
angles between upper and lower coils sides. A com¬ 
plete mathematical definition of u is given in Appendix 
C after the derivation of Equation (11). This factor 
can have any one of three values, namely, 0, 1, 2. 



Fig. 16 —Typical ■ Slot Cross-Sections Inverted Turn 
Transpositions 

A. Standard coil—Type I 

B. Type II transposition—Even number of turns per coil 

O. Type V transposition—Even or odd number of turns per coil 

Table III gives a summary of the possible groupings 
of the coils in single-phase, quarter-phase, and three- 
phase windings, with the corresponding values of u. 

The reduction factors to be expected from the twisted 
lead transposition are shown in Table IV. The table 
covers only the usual range of turns per coil and coils 
per phase belt. The reduction factors for other con¬ 
ditions can easily be calculated from Table III and 
Equation (11). The procedure for finding reductions 
in circulating current losses in the twisted lead trans¬ 


position reduces, therefore, to checking what part of 
Table III describes the winding or phase belt, noting 
the value of u, and going to Table IV or Equation (11) 
for the reduction factor corresponding to the given 
values of m and t. In the general case of a winding 
with a fractional number of coils per pole per phase, it 
is necessary to first lay out the winding in order to see 
how many coils belong to each phase belt under each 
pole, and how the belt is split up. A reduction factor 
can then be found for each phase belt, and all these 
factors averaged to give the factor for the whole 
winding. 

It is necessary to point out again that Equation (11), 
like Equation (9), gives the ratio between the extra 
losses after transposition in either a polyphase or a 
single-phase winding and the extra losses in a standard 
double-layer polyphase winding with the same coils. 
This fact should be borne in mind when using Table IV 
in the case of the single-phase connection with one 
phase idle, and the untransposed losses for this winding 
should be figured as though all coils were active. 

Comparing Table IV with Table II, in the first part 
of this paper, and Table II in reference (1), itisapparent 
that in most cases the twisted lead transposition gives 
lower losses than Types IV and V of the inverted turn 
transposition. For a large number of coils per phase 
belt the twisted lead transposition also compares 
favorably with Types II and III. In general, there is 
little if any sacrifice involved in using the twisted lead 
transposition when space or other reasons prohibit the 
use of the inverted turn transposition. 


table in 

VALUES OF "u” FOR TWISTED LEAD TRANSPOSITION 


Phase belt divided Into two parts, each having a different phase angle between currents in top . All coils in phase belt have same phase angle between 

and bottom coil sides. currents in top and bottom coil sides. 


Both parts have 
even number of 
coils. Any num- 

Both parts hav 
of < 

e odd number of 
soils 

One part has even number of coils, j 
Other part has odd number. 

Total number o: 

belt ii 

f coils per phase 

9 odd. 

Total number of 
coils per phase 

ber of phases. 

Three-phase and 
special single¬ 
phase 

Two-phase 

Any number of 
phases except 
single-phase with 
the odd number 
of coils having 
I 2 - 0 

Single-phase with 
the odd number 
of coils having 
la «0 

Any number of 
phases except sin¬ 
gle-phase having 
I 2 « 0 in whole 
belt. 

Single-phase with 
I 2 - 0 over whole 
belt. 

belt is even. 

u » 0 

U “ 1 

u ■* 2 

u - 1 

u « 0 

u = 1 

u » 0 

u =0 


TABLE IV 

REDUCTION FACTORS TO BE APPLIED TO EXTRA CIRCULATING CURRENT LOSSES WHEN TWISTED LEAD TRANSPOSITION 
_ IS EMPLOYED 


Turns 

per 


u - 1 

u - 2 





< 

Dolls in p 

has© bel 

b 



Coils in phas 

e belt 

coil 

K 

It 

O 

1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

11 

12 

2 

6 

10 

2 

0.0164 

1.00 

0.262 

0.126 

0.078 

0.0557 

0.0438 

0.0365 

0.0318 

0.0285 

0.0252 

0.0245 

0.0232 

0.508 

0.071 

0.0361 

3 

0.00736 

1.00 

0.266 

0.118 

0.0694 

0.0470 

0.0349 

0.0276 

0.0229 

0.0196 

0.0173 

0.0155 

0.0143 

0.504 

0.0625 

0.0272 

4 

0.00416 

1.00 

0.253 

0.115 

0.0664 

0.0440 

0.0318 

0.0245 

0.0197 

0.0164 

0.0141 

0.0124 

0.0111 

0.502 

0.0595 

0.0241 

5 

0.00266 

1.00 

0.252 

0.1135 

0.0649 

0.0426 

0.0303 

0.0230 

0.0182 

0.0150 

0.0126 

0.0109 

0.0096 

0.5015 

0.0582 

0.0226 

6 

0.00186 

1.00 

0.251. 

0.113 

0.0641 

0.0417 

0.0296 

0.0222 

0.0174 

0.0142 

0.0118 

0.0101 

0.0088 

0.501 

0.0572 

0.0218 

7 

0.00136 

1.00 

0.251 

0.112 

0.0638 

0.0413 

0.0291 

0.0217 

0.0170 

0.0137 

0.0113 

0.0096 

0.0083 

0.5005 

0.0568 

0.0213 

8 

0.00104 

1.00 

0.251 

0.112 

0.0635 

0.0410 

0.0288 

0.0214 

0.0167 

0.0134 

0.0110 

0.0093 

0.0080 

0.500 

0.0565 

0.0210 

9 

0.00082 

1.00 

0.251 

0.112 

0.0633 

0.0408 

0.0286 

0.0212 

0.0164 

0.0132 

0.0109 

0.0091 

0.0078 

0.500 

0.0564 

0.020$ 

10 

0.00067 

1.00 

0.251 

0.112 

0.0631 

0.0406 

0.0284 

0.0210 

0.0162 

0.0130 

0.0107 

0.0089 

0.0076 

0.500 

0.0564 

0.0206 
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The objection of greater cost may be raised against 
this transposition because of the extra labor involved 
in clipping the coils together so that the laminations are 
insulated throughout a phase belt. However, the 
extra cost of connecting deep conductors with many 
strands can be reduced appreciably by bunching the 
laminations in groups of 2 and 3. Corresponding 
groups are then clipped together as illustrated in Fig. 15, 
which shows three center laminations grouped. Not 
more than three or four strand levels should be joined 
in this manner, since they are joined solidly at the ends 
of each coil, and an extra circulating current loss is thus 
developed. In Appendix F an approximate formula is 
worked out for this extra loss. The formula is: 

k = j 4 + ^ £ (r» + a) (m + a — 2) 

- 4 m (a - 1) sin 2 ( -j -- ) ] j D (12) 

and the symbols are defined in the Table of Symbols. 
The factor D, as defined by Equation (1), varies as the 
fourth power of the number of strands in a group. 
Hence, the grouping should be a compromise between 
cost of connection and extra loss to be tolerated. The 
strand loss in a twisted lead winding is found from 
Equation (10) in the same manner as for untransposed 
windings. 

VI. Conclusion 

The study of the inverted turn transposition, begun 
in the previous paper referred to in the Bibliography, 
has been extended to cover the special single-phase 
case of two phases in series and one leg idle. The 
twisted lead transposition has been described and 
analyzed to show its effect on extra losses, with the 
result that its use can now be definitely recommended 
in cases where other transpositions are impracticable. 
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Appendix A 

Derivation of Formulas for L. 

Type I. Standard Coil. Applying the general rules 
for finding the average value of I 0 over a coil side, in 
the upper coil side 


to- 1 * 1 ' (14) 

p-i 

Averaging over both coil sides 

m 

l ° = ~ Ym 2 (!l + Ia) = “ ( 11 J ~ ) (15) 

i»=l 


Equation (4) can also be written in this form 

L = Io lIL + L L (16) 

ll • M 

Substituting for l 0 from Equation (15), the following 
result is obtained: 


r (Ii + I.) • (Ii - Is) . 

L ~ 4h.lt 

(17) 

which reduces to 


1 *-* 
•V'* 

II 

(18) 

But Ii — mh, and therefore 


ti 

II 

% 

* 1 

(19) 

If h = 0, as in the special single-phase winding 


I = 11 

0 2 

(20) 

, r lx* - 2 7i 2 

and L- 4/i , 

(21) 

b< 

II 

1 

(22) 


Type II. Even Number of Turns per Coil. (See 
Table I and Fig. 8.) In the upper coil side 



m/2 

2[(*>-D u + h) 


p — 2s 


m/2 

«=i 


p = 2 s — 1 

where s = any integer except 0. 

In the lower coil side 


(23) 



m/2 

2 l 1 * +• (P - « 1J 
*“=1 


i.—“2[&- l > Ii + Ii + I *i (13) 

ifv 

p~i 

where p represents the number of the turn from the 
bottom of the coil side. In the lower coil side 


p - 2 s 

mi 2 

+ ^(P-D Ii 

*=*1 

• p = 2s— 1 


( 24 ) 
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Substituting for p, and averaging over both coil sides 

m/2 

*• = 2^r 2 t < 2 s ~ - >1 - (2 8 “ 2) h 

«=-l 

- I 2 - Ii - (2 s - 1) h + (2 s - 2) I x ] (25) 

m/ 2 

'•-2^2-21. 


L = 




4 m 2 

If I 2 = — m Ii (0 = 180 deg.) 

to 4 — 4 w* + to 2 +4to + 1 + 4to 2 — 8m 


L = 




I. = 


Ii 


Substituting in the general equation for L 

- 2 lx 2 


L = 


L = - 


4 Ji 2 
1 


(26) 

(27) 

(28) 
(29) 


If 


4 TO 2 

__ to 4 — 4 to 4 + 5 to 2 — 4 to + 1 
— 4 TO 2 

I - n i - (1+ »*) I 

12 - 0 ’ l ° -2ro 11 

I if _ (1 — to) . 

I# + l1 - 2W~ h 


L = 


1 — TO 2 


(37) 

(38) 

(39) 

(40) 

(41) 

(42) 


This value of L is independent of I 2 . 

Type V. Even or Odd Number of Turns. In the 
upper coil side 


(30) 


I. —~ (ii + I*) + 21 (p ~ l) ^ J 

P-2 

In the lower coil side 

m 

l ° -M ( 31 ) 

p—1 

Averaging over both coil sides 

1° = 2 m I -2 I (P ~ 1) h J + (to — 1) I 2 — to lx 


4 TO 2 

Appendix B 

Sample Calculations of Reduction Factors for 
Inverted Turn Transposition of Single-Phase 
Windings 

A. Assume Type II transposition, three-turn coils, 
two-thirds pitch, one' pole being shown in Fig. 17. 


|31l2l0l2l®!§)[E 

BEIBBIiaiaBI 


El SEISE] El El 

|o]lo||o||o||o][g|[o| 


IEIIEIIEIIEIIHIEIIEI 

SSBSSSB 



p*=2 




*>=i 


(32) 


Fig, 17 —Cross-Sections Double-Layer Single-Phase 
Winding 

X—Coils of phase 1 
H—Coils of phase 2 
O—Coils of phase 3 (idle phase) 

Considering the two active phase belts, the following 
tabulation can be constructed by the use of Table II: 


" W Number of 

coils 

12 

L 

m 

F 

h + Ii - (m ~ 2) 12 + (m ~ 1)11 (34) 7 

2 TO ' ' 7 

m Ii 

0 

3/4 

0 

3 

3 

0.449 

0.1*76 


Substituting in the equation for L 

r - (to-2) 2 I 2 2 -(to 2 -1)I 1 2 -2(to-2)I 1 .I 2 _ 

4 TO 2 Jx 2 ( 35 ) 

which finally reduces to the form 

r _ to 4 -4to s + to 2 +4to + 1 , (to —2) . 

L -- Tm? -+ —nr Sln (0/2) (36) 


/. F av = 0.2833 

Since there are an integral number of slots per pole per 


If I 2 = to I, 


(0-0) 


B. Assume Type II transposition, three-turn coils, 
42 slots, 6 poles, 7/3 slots per pole per phase, four- 
sevenths pitch. See Fig. 18 where three poles are 
shown. 

Considering the two active phases and the three 
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poles, the following tabulation can be made by means 
of Equation (9): 


Number of 
coils 

12 

L 

m 

F 

6 

m Ii 

3/4 

3 

0.449 

2 

- mli 

-1/4 

3 

0.00736 

7 

0 

0 

3 

0.1176 


F 0 » = 5/14 (0.449) + 2/14 (0.00736) + 1/2 (0.1176) 

= 0.220 

Since the winding repeats itself under the other three 
poles this ratio holds for the complete winding. The 


00E0HIE10 000000H] 0000000 
(HI000(2100 0000000 0000000 

a b c 



Fig. 18 —Cross-Section, Double-Layer Winding 
F ractional number slots per pole per phase 

X—Coils of phase 1 
H—Coils of phase 2 

G—Coils of phase 3 (idle for single phase) 


- 2 K* - V h + Ir + Ill 

P=1 


(43) 


Considering the even numbered coils, which will have 
the laminations in the reverse order: 

t/ 2 * m 

'•-in -2 + 

5=1 V p=I 
r =2 s 


P=I 


(44) 


In the above equation I r is the vector total current in 
the lower coil side in the rth slot of the phase belt being 
considered. Let 

I, = m h v r (45) 

where v r is a unit vector displaced from Ii by the phase 
angle between the currents in the upper and lower coil 
sides in the rth slot. Substituting this relation in 
Equations (43) and (44), and averaging I 0 over all coil 
sides in the phase belt: 

[ i/2 i/2 _ 

-i 1 * (46) 

«-i *=i -i 


r = 2s r — 2s— 1 

In the same way it can be shown that when t is odd 


value of Fav will be found to check the curve Fig. 8 
for Type II, three turns per coil, 57.2 per cent pitch. 
These illustrations show that the factors in Table II 
hold for any type of winding. 

Appendix C 

Derivation of Formula For Reductions in Eddy 

Current Losses in Twisted Lead Winding 

Referring to Fig. 14 in the body of the paper, each 
strand in a twisted lead winding is theoretically insu¬ 
lated throughout the length of the m turns per coil and 
also throughout the t coils in each phase belt. The 
order of the strands in corresponding conductors 
reverses from coil to coil, so that it is- necessary to 
determine I® separately for the even numbered coils 
and for the odd numbered coils. I. is determined for 
each half turn in the usual way as described in Part II 
of the paper, and these values are then averaged over 
all the coils in the phase belt. 

The determination of I® in a phase belt where t is 
even is as follows. Considering the odd numbered 
coils, which are assumed to have laminations in the 
direct order in the bottom coil side: 

«/ 2 ® m, 

±r 2 2 

s =1 ^ p=l 

r =2 j -1 


[ 0 - 0/2 0 + 0/2 

2 v '" 2 V - "T 11 (47) 

«=i «-i -* 

r = 2s r = 2s- 1 

Let 2 Vr = Vs ( 48 ) 

r=2« 

2 Vr = v ° c 49 ) 

r-2«—1 

In words, v„ is the vector summation of the unit vectors 
v, for all even numbered coils, and v„ is the vector sum¬ 
mation of the unit vectors v r for all the odd numbered 
coils. 

Then Equations (46) and (47) can be reduced to one 
general form as follows: 

j. - (50) 

For simplicity let 

v, - Vo = v (51) 

Referring to Equation (16) 

T I®. (I® + Ii) 

L = Ix.Ix 

Substituting the value of I,from (50) and (51) 
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L = 


[ (m/2 1) Ji v - 1/2 Ii I. [ (m/2 t) I, v + 1/2 I, ] 


It 2 


(m/i) 2 v . v — 1 


Let v . v=w. (a scalar quantity) 

w (m/0 2 — 1 


Then 


L = 


(52) 

(53) 

(54) 

(55) 


But the first order of eddy currents is proportional to 

. , _ _ 15 u (■ m/ty + 1 

4 + 15 L - - — (56) 

For the standard untransposed winding 

15 m 2 +1 


4 + 15 L = 


(57) 


The reduction factor due to the twisted lead transposi¬ 
tion is 


(b) Phase belt No. 3 (2 coils) 

15 (3/2) 2 + 1 
* ~ 15 (3) 2 + 1 

In the phase belt in which u = 0 
1 


= 0.255 


F = 


= 0.00736 


15 (3) 2 + 1 

The average reduction factor for the whole winding is 
F m = ~~ (.1176 + .255 + .00736) 

= 0.127 

Appendix £ 

Examples of Calculation of Reduction Factors in 
Single-Phase Winding with Twisted Lead 
Transposition 


F = 


15 u (m/Q 2 + 1 
15 m 2 + 1 


(58) 


It is now necessary to define the factor u which enters 
into all calculations of reductions in eddy current losses 
in twisted lead windings. A mathematical definition 
is all that can be given, as the factor has no apparent 
physical meaning. In brief, u is the square of the 
magnitude of the vector difference between two vectors, 
one representing the sum of as many unit vectors as 
there are even numbered coils in a phase belt, and the 
other representing the sum of as many unit vectors as 
there are odd numbered coils in the belt. The angular 
displacement of each unit vector from the origin is 
equal to the phase angle between currents in the upper 
and lower coil sides in the slot to which it applies. 

Appendix D 

Example of Calculation of Reduction Factor for 
Twisted Lead Transposition in Three-Phase 
Winding 

Assume the winding of Fig. 18 to be operating as a 
normal three-phase winding with the twisted lead 
transposition in the coils. Considering the coils of 
Phase 1 in each of the phase belts shown, and noting the 
directions of current flow in the three phases, the 
following tabulation can readily be made: 


Phase belt 

v* 

v 0 

V 

1 

1/60° 

1/60°+ i/120° 

- 1/120° 

2 

1/60* 

1/60° 

0 

3 

l/60° 

1/120° 

1/9! 


The two phase belts in which u = 1 will have the 
following reduction factors: 

(a) Phase belt No. 1 (3 coils) 


15 (3/3) 2 +1 
15 (3) 2 + 1 


For those slots having zero current in the lower coil 
sides, the vector current I r in Equations (43) and (44), 
Appendix C, is zero, and hence for the active coils so 
located, the equations reduce to the following. 



Comparing this with Equation (55) it is evident that for 
any group of coil sides having I r = 0 

u = 0 

v = v, — v„ = 0 

This result simplifies the calculations of loss reduction 
factors in the various phase belts of single-phase wind¬ 
ings having the twisted lead transposition. In those 
phase belts having some of the lower coil sides carrying 
no current it is only necessary to consider the slots with 
active lower coil sides in forming the vector difference 
v, and determining the factor u for the phase belt. If 
all the lower coil sides in the phase belt carry zero 
current, the factor u is zero for that group. 

As an example, consider the single-phase winding of 
Fig. 17 with the twisted lead transposition, each coil 
having three turns. In the phase group lying over the 
coils of the idle phase 

u = 0 

In the other active phase belt all slots have the gamo 
phase angle between currents in upper and lower coil 
sides. Since the phase group has an odd number of 
coils, there is one more of the odd numbered coils than of 
the even numbered coils, and hence 

v„ — v, = — 1 
u = 1 


= 0.1176 
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With the aid of Table IV the following tabulation can 
be made: 


Phase 

u 

m 

t 

F 

2 

0 

3 

7 

0.00735 

1 

1 

3 

7 

0.0276 


F„ = 0.0175 

Since the winding repeats under the other pole this 
factor holds for the whole armature. 

As a second example, consider the single-phase con¬ 
nection of the winding shown in Fig. 18, and assume 
three turn coils. Considering only the phase belts of 
phase 1, and noting the directions of current flow, the 
following tabulation can be made with the aid of 
Table IV: 


Phase belt 

v* 

V* 

V 

u 

m 

i 

F 

1 

1 

1 

0 

0 

3 

3 

0.00736 

2 

1 

X 

0 

O 

3 

2 

0.0164 

3 

1 

0 

1 

1 

3 

2 

0.256 


Then, because of inversion of the conductors 
n — (n b + n c ) = number of laminations vertically from 
bottom of conductor to bottom of group in other coil 
side. 



Fig. 19—Slot Cross-Sections Showing Lamination Group¬ 
ing—Twisted Lead Transposition 

Referring to Fig. 19, in the upper coil side 

m 

•— 4-2 [(-?-)*■+(*=*=*)<■ 

3>«1 


The average reduction factor for phase 1 is 
Fav = 0.0784 

Considering next the phase belts of phase 2, another 
tabulation can be made as follows: * 


Phase belt 

Vfl 

Vo 

V 

u 

m 

t 

F 

1 

0 

1 

-X 

1 

3 

2 

0.256 

2 


. . 

.. 

0 

3 

2 

0.00735 

3 

0 

1 

. ““I 

1 

3 

3 

0.118 


+ (p-l)Ii + I«] 

In the lower coil side 


The average reduction factor for phase 2 is 
Fav - 0.1258 

The resultant factor for determining the extra loss in 
the whole winding is 

F = 0.1021 

It is interesting to note the possibility that the effec¬ 
tive resistance and extra loss in one phase of a single¬ 
phase winding with the twisted lead transposition can be 
greater than in the other phase. 

The preceding calculation is typical of that to be 
followed in the general case of fractional slots per pole 
per phase. The values of u in Table III were found 
in this way. 

Appendix F 

Extra Circulating Current Loss in Group of 
. Laminations Joined at Coil Ends in Twisted 
Lead Winding 

. Assume uniform current density over each conductor. 
This assumption is justifiable where the twisted lead 
transposition is used, since it approximately produces 
this effect. Also, let 

n = number of laminations vertically per conductor. 
n c = number of laminations vertically in group. 
n b = number of laminations vertically from bottom of 
conductor to bottom of group in one coil side. 


Averaging over the whole coil 

m 

2^-2 ■*-'•] 


Ii / n — 2 n b 


M 


w— 2jh 
n 


i. i. 


Io + II — — 


(0-2) . I 2 


r _ a (a- 2) h* + m* I? + 2 (a- 1) Ii . I» 

u j-j-j (bbj 

which can be reduced to the form 
r _ (m + a) (m + a — 2) — 4 m (a— l)sin 2 (5/2) /ttHS 

1j - - --- : - {b{) 

The value of L so found can then be put into the usual 
formula 

k = (4 + 15 L) D (6) 

in order to find the extra loss produced in the group 
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being considered. The value of D to be used for the 
lamination group is 

D - 119 [ -gofer- ]’ [6rc <“• irm - y p (6S > 

If n b = 0, or if all laminations are solidly joined at each 
coil end as in a standard coil, 
o=l 

mi2 __ 1 

and L —-^-as before. 

Table of Symbols 

t) A numeric depending on the slot and conductor 
dimensions and assembly, and on the frequency. 
F Reduction factor representing the ratio of the extra 
circulating current loss in any transposed coil, 
group of coils, or winding to the loss in the same 
coil, group of coils, or winding untransposed. 

11 The vector current in any conductor. 

1 2 The total vector current in the bottom coil side, 
la The resultant vector current in the slot below any 

conductor. 

I 0 A vector current defined by Equations (2) and (3). 
I, The vector total current in the lower coil side in the 
rth slot pf a phase belt. 

K Ratio of total heat loss in a winding with alter¬ 
nating current to loss with uniform current. 

L A numeric defined by Equation (4). 
a The ratio (n — 2 «»)/» 

/ 2 x core length \ 

b A ratio = ^ m ean length of turn / 

2 

[ gross depth of strand ~| 
net copper depth of strand J 

d Net depth of copper in a strand. 

/ Frequency of alternating current. 
k Ratio of extra circulating current loss to uniform 
current loss. 

k 8 Ratio of extra loss due to uneven current distribu¬ 
tion in strands to uniform current loss. 
m Turns per coil. 

n Number of strands depthwise per conductor. 
n b Number of strands depthwise below a group of 
laminations in a twisted lead transposition. 
n c Number of strands depthwise in the group of 
laminations. 

p The order of a conductor, numbered from the bot¬ 
tom of a coil side.. For the first conductor p = 1. 
r The ratio of total copper width to slot width. 
r (As ^subscript) The order of a coil in a phase belt 
in a twisted lead winding, the numbering be¬ 
ginning at the start of the phase belt with r = 1. 
s Any integer, except 0. 

t Number of coils in a phase belt throughout which 
the conductor laminations are insulated from 
each other depthwise. 


u A scalar quantity used in twisted lead transposition 
formulas. It depends on the way the t coils in a 
phase belt are split up as regards phase angles 
between upper and lower coil sides, 
v The vector difference v 6 — v„. 
v e The vector sum of as many unit vectors v r as there 
are even numbered coils in a phase belt in a 
twisted lead winding. 

Vo The vector sum of all the unit vectors v r in the odd 
numbered coils in the phase belt. 
v r A unit vector in phase with I r . 

0 Phase angle between currents in upper and lower 
sides in a slot. 

ypav The average of the quantity [1 — 3/4 sin 2 (0/2)] 
over all coils in a winding. 


Discussion 

I. H. Summers: I should like to point out that the formulas, 
tables, and equations which Mr. Lyons has presented are not 
merely of theoretical interest. In Schenectady for the past four 
or five years in practically all the large water wheel generators 
built the inverted turn transposition has been used with the 
exception of those having a large number of turns which do not 
need it and those using the twisted lead transposition, which is 
also covered in Mr. Lyons’ paper. • These latter have been built 
over a period of approximately the last two years, and there 
have been about 15 machines built with this transposition. As a 
result of this practise no large water wheel alternators are now 
built in Schenectady having a parasitic eddy current loss of 
greater than about 15 per cent of the legitimate copper loss. 

J. M. Lyons: I wish to thank Mr. Summers for pointing out 
the extent to which the transpositions described in this paper 
have been applied on large water wheel generators. The in¬ 
verted turn and twisted lead transpositions naturally find their 
greatest use in such machines having multi-turn coils with fairly 
deep conductors. The reduction of extra copper loss to 15 per 
cent of the ohmic loss obviously represents a very worth while 
saving. 

The problem of predicting loss reductions due to the twisted 
lead transposition having been simplified by the development of 
Equation (11) and the corresponding tables, it would seem that 
this transposition should find a relatively larger number of 
applications than in the past. 

The scheme of transposition described by Mr. Palueff as being 
used on heavy transformer coils is apparently very effective in 
securing a uniform current density and low extra copper loss. 
This method is essentially different from those described in this 
paper in that the strands are transposed relative to each other at 
regular intervals around each turn instead of being twisted all 
together at one point. Such -a transposition would be very 
difficult to apply on multi-turn coils of generator windings, 
while for large one-turn generator coils there is available a more 
effective method. I am referring to the Roebel Transposition for 
which each coil is made up of two half-turn bars. The lamina¬ 
tions are offset and bent in the slot portion so that in the assembled 
bar every strand passes twice through every level in the bar. 
In this way the current density over the bar cross-section becomes 
practically uniform and the extra loss is reduced to a negligible 
value. 

There is seldom any need of transposing generator armature 
coils in machines smaller than 5000 kw. because of the relatively 
shallow conductors characteristic of these machines. For all 
larger ratings the Roebel of one of the twisted conductor trans¬ 
positions will meet the call for reduction of extra copper losses in 
any winding. 



Effect of Armature Resistance Upon Hunting 

of Synchronous Machines 

BY C. F. WAGNER* 


Member, A, 

Synopsis . —The ability of systems to withstand shocks, such as 
faults or switching operations, is much greater for small operating 
angles . The present paper has to do with system stability for small 
oscillations as contrasted with the more usual concept of stability as 
being its ability to withstand shocks . 

The analysis shows that synchronous machines without amortis- 
seur windings and with no resistance in the armature are inherently 
stable for small oscillations in prime mover input or load output . 
With resistance in the armature, stability for such conditions is 
dependent upon load . 


F ROM time to time cases of spontaneous hunting 
arise, the cause of which can be traced to an 
excessive proportion of resistance in the armature 
circuit, namely in the transmission line. This phenom¬ 
enon was particularly evident in the early days of 
rotary converters. A rough working rule in use at 
that time was to limit the line resistance to 25 per cent 
of the reactance. In 1911 Dreyfus 1 in Germany showed 
that the tendency toward hunting decreased with in¬ 
creasing load and that the presence of damper windings 
tended to stabilize the conditions. In 1924, reporting 
stability tests made in the works of the Westinghouse 
Company, Evans and Bergvall 2 likewise demonstrated 
this same effect using salient pole generators and con¬ 
densers. More recently Wennerberg 8 in Sweden and 
Nickle and Pierce 4 in this country, have extended the 
analysis, developing the results into more usable form. 
The writer has been working on this same problem and 
Tina used a somewhat different method of attack which 
he believes gives a somewhat clearer conception of the 
mechanism involved. 

I. Qualitative Analysis 
To get a picture of what occurs when a machine 
becomes unstable, and begins to hunt because of the 
presence of an excessive amount of resistance in its 
armature circuit, consider a synchronous generator 
without damper windings and having constant exciter 
voltage, and connected to an infinite bus through a 
transmission line. The analysis of transients of syn¬ 
chronous machines may be expedited by the use of the 
so-called “transient reactance” Or/), and the “transient 
internal voltage” («/). The transient reactance is the 
r eactanc e to be used in connection with the determina¬ 
tion of current flow for sudden changes. It includes 
not only the armature leakage reactance but also the 
effects due to the field leakage. The subscript d signi¬ 
fies that the reactions are taken with reference to the 
direct axis. The voltage e/ for zero power factor will 

♦Transmission Engineer, Westinghouse Electric & Mfg. Co., 
East Pittsburgh, Pa. 

1. For reference see Bibliography. 

Presented at the North Eastern District Meeting of the A. I. E. E., 
Springfield, Mass., May 7-10, 19S0. 


I. E. E. 

A new proof is given for the relation previously derived by Nickle 
and Pierce which states that the limiting angle at which a machine 

r 

becomes stable is tan _1 -. 

Xq 

Arguments are presented which show that any standard type of 
damper which may have been installed in generators for other 
incidental reasons, possesses the property of preventing spontaneous 

hunting except for the most abnormal conditions met in practise. 
***** 


be defined as the arithmetric sum of the terminal 
voltage and the transient reactance drop, and for any 
other power factor, as the arithmetric sum of the 
component of the terminal voltage in the direct axis 
and the transient reactance drop due to the com¬ 
ponent of armature current in the direct axis. This 
is the fictitious voltage corresponding to flux linkages 
in the field and for any sudden change in circuit con¬ 
dition the flux linkages and this voltage remain fixed. 
The voltage e d will be defined in a similar man¬ 
ner except that the synchronous reactance x d must be 
used. It follows, therefore, that e d and e/ for steady 
state conditions differ only by the magnitude of the 
two drops and that 

6 d ~ &d ~ Xd id Xd' id 
or 

e d ' = e d - (x d - x d ') i d (1) 

in which i d is the component of armature current in 
the direct axis, that is, it is the demagnetizing com¬ 
ponent of current for i d positive. The quantity 
(x d — Xd') takes something of the nature of a reactance 
corresponding to armature reaction. It is clear then 
from the above equation and also from the physical 
conception of the quantities, that for constant exciter 
voltage, which is equivalent to constant e d , that the 
voltage e/'which is proportional to flux linkages in the 
field winding should decrease as the demagnetizing 
component of current, i d , increases. 

In Fig. la is shown the familiar power circle diagram 
showing the output characteristics of the machine for 
constant internal voltage assuming no resistance in the 
armature. This diagram is not strictly correct as it 
does not introduce the distortion due to the saliency of 
the poles. It is, however, sufficiently correct for this 
preliminary analysis. For any operating point such as 
p the abscissa gives the power output of the machine 
and the ordinate, the demagnetizing kv-a. The angle 
6 is the angle between the generated voltage and 
the voltage of the infinite bus at the receiving end. 
The particular circle drawn assumed constant voltage 
e d so that the circle represents the steady state 
characteristics. 

Now assu ming that the generator is operating at a 
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mean angle 9 and that in some manner, the exact 
nature of which is, at present, of no importance, the 
rotor is made to oscillate sinusoidally about 6 with an 
amplitude A 9 m and a frequency /. The amplitude of 
these oscillations is indicated in Fig. 1a, from which it 
will be observed that for A 6 positive the demagnetizing 
kv-a. or the demagnetizing current i d increases. But 
from Equation (1) it was shown that if i d increases e d 
decreases. It follows, therefore, that for positive incre¬ 
ments in 9 that the increment of e d is negative and for 
negative increments of 9 the increment of e d ' is positive. 
This result is shown graphically by the straight line 
in Fig. lb. However, this relation merely shows how 
A e d r would vary if 9 were increased an amount A 0.and 
kept there or the manner in which A e d would vary for 
very slow oscillations. Due to the inductance as¬ 
sociated with the field circuit e/ cannot change instantly 
so that the variations of A e/ instead of oscillating along 
the straight line will form an elliptical loop (Lissajous 
figure) of the form shown. The direction of rotation 
of the generating point around this loop is extremely 
important. It will be observed that if A 9 be increasing 
positively from its value — A 9 m , the operating point a 
in generating the loop must lag, that is, it must pass 
through zero at a later time than when A 9 passes 
through zero. This determines the direction of rota¬ 
tion as being clockwise. With very low frequency the 
loop degenerates into the straight-line be and for 
extremely high frequencies degenerates into a straight 
line along the horizontal axis. 

The power-angle diagram for the machine including 



Fio. 1 —Pure Reactance Line 


a. Demagnetizing current increases with + A 0, so that A ed' tends to 

decrease 

b. Log of instantaneous value of A edf behind value which it would attain 

for steady state conditions 

c. Power loop obtained from instantaneous values of A ed'. System 

stable for clockwise loops 

d. Enlargement of power loop 


the effect of saliency is shown in Fig. lc. This curve 
was drawn for a constant value of e d . For small posi¬ 
tive increments in e d ' the resultant curve will, in general, 
for almost all cases met in practise, lie above the one 
for e d ' and for negative increments of e d will lie below 
the curve for e d . The loop of Fig. 1b gives the instan¬ 
taneous’values of A e d ' as a function of the angle so that 
using these instantaneous values it can be seen that a 
similar power loop is obtained on the power angle 
diagram and following the point-by-point substitution 
it will be observed that the rotation of this movement 
is also clockwise. Assuming constant input into the 


prime mover of the value corresponding to the generator 
power output for the mean value of 9, the instantaneous 
acceleration is determined by the distance between 
the curves of instantaneous power and the line pp'. 
Starting at the point b of maximum negative travel 
(see Fig. Id) where the relative velocity between the 
rotor of the machine and the voltage of the infinite 
bus is zero, the velocity of oscillation under the assumed 
conditions of constant input increases until the point 
c is reached, at which point the acceleration is zero. 
At this point the rotor has accumulated an amount of 
stored kinetic energy proportional to the area of the 



Fig. 2—Line with Resistance 

a. Demagnetizing current decreases with + A 0 , so that Led! tends to 

increase 

b. Log of instantaneous value of a ed' behind value which it would attain 

for steady state conditions 

c. Power loop obtained from instantaneous value of A ea'. System 

unstable for counter-clockwise loop 

triangle b pc, so that the rotor overshoots this point. 
The relative velocity is again brought to zero at the 
point d, but it will be observed that the area represent? 
ing the energy available to retard this velocity—area 
d p' c—is greater than the area b p e. The significance 
of this observation is that, left free to oscillate from 
point b with constant prime mover input, the generating 
point will not move all the way to p', butwill be damped; 
or if the generating point does move actually along the 
locus bed, then the assumption of constant prime mover 
is incompatible with the results, the prime mover input 
represented by the line p p' must be altered so that the 
two areas are equal. In moving from b to d, the excess 
energy tending to produce damping is proportional to 
the difference of the areas dp' c and b pc; but since 
area bpe is equal to area dp' e, this difference is equal 
to the area ed e. Similarly in moving from d to b, 
the excess energy tending to produce damping is pro¬ 
portional to the area eb c, or during one complete cycle, 
to the area of the loop. 

The system may be said to be stable. It will be 
observed that this condition holds for all values of 9 
when the armature resistance is zero. 

An entirely different condition may prevail when the 
armature and line resistance is other than zero. Con¬ 
sider the conditions when such a system is operating at 
the angle 9 shown in Fig. 2a on the power-reactive 
power circle diagram. Due to the presence of the resis¬ 
tance, the center of the circle is shifted from the axis 
of reactive kv-a. to the position shown. For positive 
increments in 9, the demagnetizing current decreases, 
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thus increasing the value A e d ' attains for steady state 
increments of A 6. This relation is shown in Fig. 2b. 
During system oscillations A e/ cannot attain the value 
corresponding to the steady state value, but lags form¬ 
ing the loop shown, which is generated in a counter¬ 
clockwise sense. The voltage loop can be converted 
to the power loop in Fig. 2c, which is also generated in 
a counter-clockwise sense. Pursuing the same argu¬ 
ment as used previously, the area of this loop is pro¬ 
portional to the energy given out,—the system is 
unstable. 

This condition follows from the fact that for small 
angles the demagnetizing current decreases with in¬ 
creasing angle, but it will be noted that for larger 
angles this same relation no longer obtains. As the 
load increases a point is finally reached beyond which 
the system becomes stable. The qualitative treatment 
thus shows the mechanism of the phenomena involved 
and why a machine without damper windings becomes 
more stable, from the standpoint of hunting, with 
increasing load. 

This phenomenon should not be confused with energy 
absorbed thermally by the series resistance, which is 
not effective in damping oscillations between machines. 
The truth of this statement may be verified by assuming 
that the oscillations are so fast or that the time con¬ 
stant of the field is so large as to justify the assumption 
that e/ is constant. Any effect of the series resistance 
should still bepresent. In this case the operating point in 
the power-angle diagram generates the same locus with 
increasing angles as with decreasing angles. The area 
of the loop and the decrement of the oscillations must 
therefore, be zero. For constant prime mover input 
and constant load output, the energy absorbed by the 
series resistance is supplied by the stored kinetic 
energy of rotation, resulting in a decrease of mean 
system frequency. 

II. Salient Pole Machine without Amortisseur 
Winding 

In the mathematical treatment which follows, the 
case of a salient pole machine without amortisseur 
windings will be discussed. A number of simplifying 
assumptions has been made which agree with those 
used by Nickle and Pierce. 4 

It has been shown by a number of investigators that 
transients in synchronous machines involving sym¬ 
metrical armature conditions can be resolved into a 
unidirectional component in the field winding (and 
associated with it a transient of synchronous velocity 
in the armature) and a unidirectional component 
in the armature (and associated with it a transient 
of synchronous velocity in the field winding). 
These components have very little effect upon each 
other so that small error is introduced into the calcu¬ 
lations effecting the unidirectional component of the 
field by neglecting entirely the unidirectional com¬ 
ponent of the armature. For the case under considera¬ 


tion the machine is assumed to be connected to an 
infinite bus, that is, to a source of e. m. f., E, which 
will not change in phase position or magnitude by any 
alteration in the machine or the circuit. Small angular 
oscillations of the rotor of frequency / are superposed 
upon the operating angle. These oscillations produce 
a superposed oscillation of field current of frequency / 
and a modulation of the armature current of the same 
frequency. In addition a current of frequency / 
appears in the armature and a fundamental frequency 
current, modulated at frequency /, appears in the field 
circuit. Arguing from the above considerations affect¬ 
ing transients it should be clear that these latter have 
very little influence upon the magnitude of the former'. 
Further, while the former pair of currents produces 
variations in torque and power of the first order (since 
the modulated alternating current in the armature 
reacts with the average value of the field), the second 
pair of currents produces variations of the second order. 
In this analysis the assumption will be made that all 
currents in the armature but the modulated component 
of fundamental frequency will be neglected. Thus 
the instantaneous torque and power will be determined 
by inserting the instantaneous value of field current in 
the usual vector diagrams of the machine, depicting 
the steady state characteristics. 

Saturation is neglected to the extent that the impe¬ 
dances of the machine are assumed to be independent 
of the current flow, that is, the constants may be altered 
somewhat to take saturation into effect. 

The per unit system of notation will be used, by which 
is meant that units will be used as bases instead of 100 
per cent. For example, terminal voltage will be ex¬ 
pressed as a fraction of rated terminal voltage, field 
current will be expressed as a fraction of the field cur¬ 
rent required to produce rated terminal voltage at no 
load, and other quantities similarly. 

Assume a salient pole machine without amortisseur 
windings and the absence of other paths which might 
permit circulating currents in the quadrature axis and 
thus prevent the change of flux in that axis. Let such 
a machine be connected to an infinite bus. The plan 
of attack shall be to first obtain an expression for the 
flux linkages with the field winding and the time rate 
of change of these flux linkages in terms of the constants 
of the machine. A small sinusoidal variation of angle 
will then be superposed upon the operating angle and 
the resultant variation of flux linkages and internal 
voltages determined. These incremental values may 
be converted to power increments and the area of the 
loop obtained. 

Following the method of Blondel the reactions within 
the machine will be resolved into the two components, 
one in phase and one in quadrature to the axis of the 
main field structure. The nomenclature used will be 
the same, with some few exceptions, as that used by 
Doherty and Nickle in their excellent papers on 
Synchronous Machines. 
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Transient Reactance and Transient Voltage 
In Fig. 3 let e di be the no load excitation curve with 
abscissa representing the field current. In the “per 
unit system” unit field current will be defined as that 
current required to produce unit terminal voltage at 
no load. Also, defining unit, air-gap flux as that 
required to produce unit voltage, e d i will also represent 
air-gap flux. The component of armature current in 
phase with the field structure, i d , is directly demagnet¬ 
izing. Its effect in field terms is x a i d> indicated by 
the line p — n, in which x a converts the armature cur¬ 
rent to its field equivalent. The total field current 
required then to produce the air-gap voltage e dt is 
+ x a id- But this is numerically equal to e d , the 
nominal voltage ^due to excitation in the direct axis. 
Therefore * 

• e d = e d i '+. x a i d (2) 

In addition to the air-gap flux, the field windings are 



very rapid decrement) at the occurrence of a three- 
phase short circuit at the terminals of the machine 
which had been operating at no load. Its value can 
be obtained by the aid of Fig. 3 as follows. 

For unit armature current with a three-phase short 
circuit at the terminals, the air-gap voltage is equal 
to the armature leakage reactance x t and the armature 
reaction expressed in terms of field current is x a . To 
maintain this flux and armature current the total field 
current required is Xi + x a , which is equal to the syn¬ 
chronous reactance x d . The field leakage correspond¬ 
ing to this current is x d . The total field linkages per 
unit armature current are then, in per unit terms, 

Xl ± fl Xd 

1 +/» • 

For any sudden change in circuit conditions, the flux 
linkages with the field winding at the first instant re¬ 
main constant. Since, by definition, the flux linkages 
with the field winding at normal no load voltage is 
unity, for any transition from this condition the flux 
linkages at the first instant for the new condition must 
remain unity. Knowing then the linkages per unit 
armature current and the total linkages, the armature 

current is equal to — ~r / 1 —. 

Xl + fi x d 

From the previous definition of the transient reac¬ 
tance, Xd', it may be seen that x/ is the reciprocal of 
this quantity. 


Fig. 3—Flux Relations in Direct Axis 


also linked with a field leakage flux* which is directly 
proportional to the field current e d . Defining the field 
leakage, ft, as a fraction of the air gap flux at no load, 
the field leakage will be fi e d . This is indicated in the 
figure by the line n - q. The total flux linking the 
field winding is then 

&di + fi e d 


Now defining unit flux linkages as the flux linkages at 
no load normal voltage, and since the flux linking the 
field winding at no load normal voltage is (1 + Si), 
the flux linkages ipd in per unit values are 


, _ £dl + fl &d 

1 + ‘fi 

Inserting e dt from (2), \f/ d is also 


(3) 


'I'd = e d — 


Xa . 

l+/« 


(4) 


The “transient reactance” of a synchronous machine 
is that reactance which when divided into the normal 
voltage gives the maximum r. m. s. symmetrical cur-' 
rent (neglecting the additional component having a 

♦Leakage flux trims weighted so that they may be replaced 
by a leakage flux which links all of the turns. 



Xl ±JiXd 
1 + fl 


(5) 


Remembering that x d = x t + x a , other forms of this 
expression are 


Xd = Xi + 


Xd' = Xd — 


1 +fl 

1 

1 +/l 


( 6 ) 

(7) 


Expression (6) is interesting in that it gives a better 
picture of the nature of x/ as being the armature leak¬ 
age reactance plus a term proportional to the field 
leakage and the relative strengths of field and armature 
ampere turns. 

From (7) 


•Eg . 

1 -|- / z - x d — Xd (8) 

Inserting in (4) 

'I'd = e d - (x d -• x d ') i d (9) 

or 

e d - fd = (x d - x d ') id ( 10 ) 

From Equation (10) it will be observed that the differ¬ 
ence between e d and \p d in the per unit system is eq ual 
to the difference in synchronous reactance and t rans ient 
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reactance drops. It follows, therefore, that has all 
the characteristics of a fictitious voltage, which shall be 
designated the “transient” voltage, e, t ', and which is 
obtained in the same manner as e d for steady state con¬ 
ditions, except that x,, is replaced by */. The flux 
linkages or e,/ can be obtained during transients by 
the same kind of formula as that used to determine 
e,i for steady state conditions. 

Time Rate op Change op e d 
In per unit terms, the unit of instantaneous value of 
exciter voltage e x will be defined as the voltage required 
to circulate unit current in the field circuit. The value 
of (i,i has already been defined as the nominal voltage 
in the direct axis, that is, the internal voltage of the 
machine obtained by using the synchronous reactance 
x,i, and is also numerically equal to the instantaneous 
value of field current or instantaneous resistance drop 
in the field circuit. The voltage applied to the field 
must at any instant be equal to the resistance drop 
plus the inductive drop, which latter is proportional 



Fm. 


e,t + T,io 


d fg 
d t 


0 = A e,i + Tda 


d A e / 
d t 


In Fig. 4, the vector diagram of the machine is shown 
in which 

E = Voltage of the infinite bus 
e d = Nominal voltage in direct axis 
e d = Transient voltage in direct axis 
0 = Angle between direct axis of machine and volt¬ 
age E 

r = Resistance in armature circuit 
x q = Synchronous reactance in quadrature axis. 
Equating reals and imaginaries and using x d and e d ' 
E sin 6 + r i d — x q i q — 0 * (14) 

E cos 0 + r i q + xj i d = e d ' (15) 

Solving for i d 

i d = • , T~~ j— [x q e d ' - x q E cos 6 - r E sin 0] (16) 

T ~T~ *>d Kq 

As indicated previously dlid shown graphically in Fig. 4 
6 d — e d + i d ( x d — x d ) (17) 

Substituting (16) 

1 

[( r 2 + x d x q ) e d 


e d = 


and 
A e d - 


r 2 + x d ' x q 

— (x d — x d ') E (x q cos 6 + r sin 6)] 


(18) 


[(r 2 + x d x q ) e d ' 


r 2 + x/ x q 

t 

+ (x d — x d ) E (X q sin 0 — v cos 6)] (19) 

Now substituting (19) in (13), 

d A e d 


*1 . VKin’OU DlAfJKAM OF SALIKNT PoLH vSVNOlIHONOUH 

]V1 Af’HINK WITHOUT AmORTIHSEUR WlNDINQ 


(r 2 + x d x q ) A e d ' + (r 2 + x d ' x q ) T d0 • 


d t 


to the rate of change of flux linkages. In per unit 
terms the voltage equation may, therefore, be written 


= (x d — x/) E (— x q sin 0 + r cos 0) A 0 (20) 

Dividing .through by (r 2 + x d x q ) and letting 


T r l±lL g « r 

J- (l — i M M do 


r 2 + x d x q 


( 21 ) 


^1) Equation (20) becomes 


The coefficient, T d «, is the no load time constant of the 
machine and, since the units of e x , e d , and \p d have 
already been defined this coefficient is introduced to 
convert the time rate of change of linkages in “per unit” 
values to “per unit” values of e. m. f. in the field circuit. 

Equation (11) may also be written 

d e d 

e x = e d + T do (12) 

In what follows, incremental values will be designated 
by the prefix A, and when this prefix is not used the 
mean operating values will be understood unless speci¬ 
fically stated otherwise. Since constant exciter voltage 
is assumed, Equation (12) may be written 


d A e Xa 

A e/+T d ~ J T ~ = _|_ Zd Xq E (~ Xq sin 6+r cos A 6 

( 22 ) 

It may be observed in passing that T d is the time 
constant of the field winding for the particular circuit 
condition. Equation (21) is similar to the expression 
derived by Park and Robertson 6 showing how the time 
constant of the unidirectional transient in the field 
varies with the reactance in the short circuited arma¬ 
ture, except that Equation (21) goes one step further 
and includes the effect of the resistance. When r, 
x d ', x d , and x q , refer specifically to machine constants, 
the effect of external constants R and X may be in¬ 
cluded as follows: < 

(r + R) 2 + (x/ + X) (x, ± X) 

1 d ~ (r + R) 2 + (x d + X) (x q + X) 


(13) 


(23) 
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Variation of Ae/ for Small Sinusoidal 
Variations of Angle 

Equation (22) enables one to determine the time rate 
of change of A e d for instantaneous values of A e d 
and A 6 for the condition of constant exciter voltage. 
Now let small sinusoidal variations of 6 of frequency 
S and magnitude A 6 m be superposed upon the main 
operating angle,—the mechanism whereby this may 


Since the above relations must be satisfied for all 
value of t, A e dm ', and a can be determined by letting 
2 7r/f = 0 and ir/2, producing the two following 
equations: 

‘ A e dm ' sin a + 2 rf T d A e d J cos a = 0 (28) 

A earn' cos a — 2 -irf T d e dm ' sin a 
Xd “ Xd 9 

= ~ XiX ~ E (- Xa sin e + r cos 6) A 6 m (29) 



Fig. 5—Voutage Loops Showing Effect of Lag upon Shape 
and Direction of Generation 

be accomplished is immaterial at this point. Then 
A 6 — A 6 m sin 2 -irf t (24) 

Since these oscillations are assumed to be sustained, 
e/ will also attain some form of sinusoidal oscillation of 
the same frequency. Let the value of A e d be 

A e/ = A e dm ' sin (2-irft + a) (25) 
in which A edm and a are to be determined. 

d A e d ' 

Jl = 2 A «<*»' cos (2 wft + a) (26) 

Inserting (24), (25), and (26) in (22) 

A edm! sin (2 tt f f+a) +2 ir / T d A e dm ! cos (2 t f t-\-a) 
x d — x d ' „ 

= 7* + Hi x B E( -~ x * sra 6+r co? A 6m sin 2 tt f t 

( 27 ) 


As will be shown later, it will not be necessary to deter¬ 
mine a and A e dm ', but rather the quantity A e dm ' sin a. 
This quantity can be obtained from (28) and (29) 

A e d J sin a 


2 x/T d Xd — a 
l+(2/ Td) 2 (r 2 + x d x t ) 


E(-x v sin 6+r cos 6) A 6„ 


(30) 

By analogy with the ordinary a-c. circuit it is possible 
to see immediately from Equation (22) that A e d lags 
behind A 6 by an angle 

a = tan -1 (2 irf T d ) 

and that A e d J is equal to the right hand member 
divided by V1 + (2 irfT d y. 

Plotting A e d as a function of A 6 results in the 
familiar elliptical Lissajous figure as shown in Fig. 5a. 
When the right hand member of Equation (22) is 
positive, loops of the form shown in Fig. 5b are obtained 
and when negative those shown in Fig. 5c are obtained. 
Further, it will be observed that the point generating 
the loops rotates counterclockwise and clockwise in 
Figs. 5b and 5c, respectively. , For T d - 0 and oo the 



Fig. 6—Power-Angle Diagram with Angular Oscillation 
Superposed 

loops become a . diagonal straight line and a horizontal 
straight line, respectively. 

Power Loop 

Equation (107) in Appendix I determines the total 
power output of the generator in terms of e d , e q , and 6. 
Letting e d equal to e d ', x t equal to x q , and e q equal to 
zero, the power output as a function of 6 for a constant 
value of e d ' may be plotted as shown in Fig. 6. 

Having obtained the variation in A e d ' with respect 
to A 6, the corresponding increment in power output 
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above the value corresponding to e/ constant is, for 
small values of A 0, 

AP -~!ir A,i ' (31) 

This differential has been derived in Appendix I and is 
given by Equation (116). Now since the variation of 
A e,/ with A 6 forms an elliptical loop, the increment in 
A P will likewise form an elliptical loop about the curve 

dP 

of power output for e/ constant. When y—, is positive, 

Cl Cut 

the direction of generation is the same as the voltage 
loop. 

As shown in the qualitative treatment, the energy 
per cycle is proportional to the area of the power loop 
and the system is stable for clockwise generation of the 
loop. The quantitative evaluation of the energy 
absorbed per cycle follows. A P varies in time phase 
relation with A e/ so that 

„ AP 

A P = A sin (2 irf t + a) (32) 


The area of the loop is equal to the integration around 


one complete cycle, say from t - 0 to l = -j , of the in¬ 
cremental area of height A P and width d (A 6). (See 
Fig. 6) 

d (A 6) - d (A 6 m sin 2 irft ) = A 0 m 2 ir/cos 2 ir f t . d t 

(33) 


W/r 


. r dP 

Area = J j~~, A e,„«' sm (2 irft 


7T / A e,im A 0 


+ a) A Q m 2 it f cos 2 ir f t. dt 

j 

(IP 


dP I r 


f t + a) dt 


J . (IP 

sin a d t = ir A 0 m A «,/„/ sin a 

tt (Xa - x/) 


Insert Equation (30) 

2 7r/ T,i 


W/~ = 


[1 + (2 trJTa )"j (r 2 + x d x„) 


(34) 


dition and negative value an unstable operating con¬ 
dition; or in the event of cyclic variations in prime 
mover input it represents the energy per cycle that can 
be absorbed without producing hunting. 

d P 

The differential j—, for practically all conditions 

met in practise is positive for generators as. also is 
(x,, - x/). 

It follows, therefore, that the sign of the quantity is 
dependent upon the expression (— x q sin 6 + r cos 8). 
Therefore, for 


8 


> tan -1 —— 


(36) 


the energy per cycle is positive and the machine is 



Fuj. 7—Rneiuiy Aiihokiikd per Oycij.e of System Oscillation 


ISnorgy per cycle = — 


No amortissour windings 
2 ir / T(i TT (Xd - Xri') 


in which 

Td - 

d l> 
d vd' 


[l+<2w/Trf)*I ( r*+X<iX Q ) 


B { — X tJ sin 0 


-h r cos 0) 


d P 
deu' 


(A Otn)* 


Tdo 


r 2 Hh Xq' Xq 
r 2 H- Xd X q 

Tr + Xd' X q y> f 2 r(r * + X '/ 2) ** + If -(2 Xd' - X,j) 

+ x,i’ x„- | R sin 0 — r [r* 4- X 9 (2 X„ - X,/') ) Ji cos 0 } 


d P 

E (- x„ sin 8 + r cos 9) jj-, (A 6 m )- (3S) 

This expression gives the excess of power output per 
d P 

cycle of oscillation, j—; being defined by Equation 
a 6a 

(116) in the appendix and T d by Equation (21), for 
constant prime mover input. The expression thus 
represents the energy that is absorbed per cycle of 
oscillation,—a positive value indicating a stable con¬ 


stable. This relation was first pointed out by Nickle 
and Pierce. 

To form an idea of the relative importance of the 
operating angle and armature resistance, the curves 
in Fig. 7 have been calculated for the particular machine 
constants designated in the figure. The constants were 
chosen for a typical machine with an external reactance 
of 0.3. Positive angles indicate a generator action 
and negative angles motor action. As will be seen, the 
angle for which W/~ is equal to zero increases with 
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increasing angle following the relation expressed by 
Equation (36). Observe also that the machine is more 
stable for a given e d (flux linkages with the field wind¬ 
ing) when operating as a generator than when operating 
as a motor. This difference becomes very pronounced 
for the larger values of armature resistance. 

dP 

It was stated that -j—, is usually positive for gener- 

ators. Actually the sign of this quantity is dependent 
upon the excitation. It is difficult to conceive a case in 
which the coefficient of sin 0 of Equation (116) in 
Appendix I is negative, so that if the quantity within 
the brackets is positive for 0 ** 0 it will be positive for 
all positive values of 0. Now to show that the function 
is positive for 0 = 0 it is only necessary to show that 
2 (*,» + r 2 ) e d > [x, (2 - x/) + r 2 ] E (37) 

or substituting the particular values from Fig. 7, that 
e/ _ .99 + r 2 

E > 2 (.81 + r 2 ) 


that is, for this particular case, the expression will be 


ej 

_ij.:,— a _ _ j _ .Li. j-i- _ _ i _ i _ t i 

pUHILIVtJ lur 

£ greater man me values snown Deiow. 

r 

very small 0.1 0.2 0.3 

‘d' 

E 

0.611 0.617 0.606 0.60 


Generators will always be working well beyond these 
limits, except when charging an unloaded line requiring 
a large charging kv-a. It is a very rare case, however, 
for which even this requirement decreases the value of 
e d below those given in the table. 

6d 

For values of —jjj- below those indicated in the table 


it is possible that 


dP 

may be negative but, due to the 


dP 

sme term, again turns positive for larger angles. 

To get an idea of the relative importance of the various 
terms, the constants given in Fig. 7 were substituted 
for r = 0.1 with the following result 

dP 

d ^ / - 0.164 e d r + 0.572 E sin 0 — 0.1 E cos 0 

The effect of excitation upon spontaneous hunting 
was verified by an experiment described in the Evans 
and Bergvall 2 paper referred to previously. A 425- 
kv-a., 2300-volt condenser (without' damper winding) 
was connected to the 2300-volt shop circuit through an 
impedance of 6.66 + j 0 ohms (0.53 + j 0 per unit). 
This is equivalent to a generator operating at practi¬ 


cally 0 = 0. For low excitations the system was 
stable. However, when the excitation was increased 
to four amperes (7 amperes = N. L. excitation) the 
system became unstable. 

III. Salient Pole Machine with Amortisseur 
Windings 

The effect of the amortisseur winding in the quadra¬ 
ture axis is to prevent the change of flux linked there¬ 
with. The rate of change of the cross flux with respect 
to angle is greater for small operating angles, that is, 
for light loads, so that under small sustained angular 
oscillations the currents induced in the quadrature axis 
should be greater for small operating angles. One 
should expect, therefore, that the energy absorbed per 
cycle should be greater for the small operating angles. 

The problem is further complicated by the presence 
of two windings in the direct axis, namely, the main 
field winding itself and the amortisseur. Several 
simplifying assumptions suggest themselves with respect 
to the windings in the direct axis. 

a. The presence of the amortisseur winding in the 
direct axis may be neglected, the currents in the main 
field only being taken into consideration. 

b. The resistance of the main field may be assumed 
to be zero so that the flux linkages with it remain 
constant, with the effect of the amortisseur winding 
taken into consideration. 

c. The presence of the amortisseur winding in the 
direct axis may be neglected and the main field resis¬ 
tance assumed to be equal to zero. 

Any of these sets of assumptions render the problem 
readily susceptible to analysis, the complete derivation 
of the expressions giving the energy absorbed per cycle 
of system oscillation being given in the Appendix. In 
Fig. 8 are given two sets of curves for the above assump¬ 
tions for a typical machine equipped with copper 
amortisseur (upper set) and with brass amortisseurs 
(lower set). The constants of the machine and line 
utilized are also given in the figure. The line resistance 
for this case is zero. It will be observed that for both 
the copper and the brass amortisseurs the three curves 
comprising a set coincide for 0 = 0 and then diverge 
slowly reaching a maximum divergence for 0 = ± 90 
deg. The coincidence for 0 = 0 becomes clear when 
one considers that for small angular oscillations about 
0 = 0, the demagnetizing component of armature 
current in the direct axis is not altered, so that the flux 
in the direct axis has no tendency to change. The 
phenomenon must of necessity, therefore, be indepen¬ 
dent of the assumptions as to the characteristics of the 
windings in the direct axis, the entire energy loss being 
due to current flow in the quadrature axis. It will be 
observed that for large angles the energy absorbed is, 
for copper, larger under assumption (b) than assumption 
(a) but that for brass, larger under assumption (a) than 
assumption (b). The best assumption to employ is 
therefore dependent upon the character of the amortis. 
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seur in question. As a matter of fact, all of the simpli¬ 
fying assumptions stated introduce considerable error 
at. large angles, the correct value of energy absorbed 
being very near to the value for assumption (c) plus the 
difference for assumptions (a) and (c) plus the difference 
for assumptions (a) and (b). The justification for this 
statement is that the currents in the field winding and 
in the amortisseur winding in the direct axis, because of 
the large difference in their time constants, are very 
nearly in time quadrature and consequently do not 
react upon each other to any considerable extent, 
this hypothesis has been checked by analysis and 
calculation for the copper amortisseur and found to be 
substantiated. It therefore follows that one cannot 



tion WITH Armature Resistance = 0 son the Machine 

Kqini-I'KD WITH OoFPEIt ANtl UllAHK AmohTISSECKS Poll THE 
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say without giving consideration to the particular type 
of amortisseur which assumption will give the best 
results. Fortunately, however, as will be seen later, 
this question is usually not of much importance. In 
most cases the problem is to determine whether the 
machine is stable or unstable, so that unless other 
periodic power impulses, such as prime mover pulses, 
enter the problem and require a quantitative evaluation 
of the energy absorbed per cycle of system oscillation, 
it is adequate to determine only the sign of W/~. 

Effect of Armature Resistance 
To determine the effect of armature resistance, Figs. 
9 and 10 were prepared, the former showing the energy 
absorbed per cycle for copper amortisseurs using 
assumption (b) and the latter for brass amortisseurs 
using assumption (a). It will be observed that the 
machine, equipped either with brass or copper amortis¬ 
seurs, should be stable for any normal operating angle 


or line resistance. The machine is somewhat more 
stable operating as a generator than as a motor. 
While resistance decreases the stability of the machine, 
a very considerable amount will be required to malm it 
unstable within the normal operating range. 

The dotted curves in Figs. 9 and 10 were added to 
further demonstrate the effect of the particular assump- 



Fki. 0—Effect of Aumatuhb Resistance with Copter 
Amortisseurs 

UsiliK assumption (A) of Fig. H. Dotted curvos using assumptions (a) 
and (<•) of Fig. 8 

tions chosen with respect to the windings in the direct 
axis. It will be observed that the assumption chosen 
matters little for the motoring range but becomes of 
increasing importance, in a quantitative sense, as the 
angle is increased in the generating range. It is clear, 
however, that for either copper or brass amortisseurs, 



Fio. 10 —Effect of Armature Resistance with Brass 
Amoutihkeurb 


Using assumption («; of Mg. 8. Dotted curvos usod assumptions (/i) 
and (i0 of Fig. 8 

the true curve would result in a positive value of W/~. 
For smaller machines in which T lto is smaller, the as¬ 
sumption of neglecting the amortisseur in the direct 
axis becomes more justifiable. 

General Discussion 

In general, as previously pointed out by Nickle and 
Pierce, for practical machines, if a generator is stable 
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at zero load it will be stable for all loads. Of course, 
theoretical machines may. be imagined for which this 
is not true; machines in which the resistance of field 
winding is very small and in which the amortisseur 
winding is connected for the quadrature axis only, 
resulting in characteristic curves such as that for 
similar assumptions in Figs. 9 and 10 in which the lower 
curve passes through zero near 60 deg. The plausi¬ 
bility of the statement may be made apparent by 
arguing from the type of curve obtained in Fig. 7 in the 
generator range, which shows that a machine without 
amortisseurs becomes less unstable and then more stable 
as the angle is continuously increased. Now the general 
effect of amortisseurs in the curves shown is a mayimum 
near 6 = 0 so that one would expect that, combining 
the effect of the two when the effect of amortisseur is 
small, should elevate the curve uniformly near zero 



but when the effect of the amortisseur is much greater 
than that of the field winding, the type of curve will be 
governed largely by the characteristics of the curve 
obtained for the amortisseur. 

Accepting then this statement, the effect of the con¬ 
ductivity of the amortisseur is illustrated in Fig. 11, 
which shows the energy loss for 6 - 0 plotted as a func¬ 
tion of the conductance of the amortisseur, using the 
copper amortisseur as unity. The variation in con- 
uctance may be obtained either by changing the qnan- 
tity or quality of the material employed. Brass 
dampers for the same section will have about 20 to 30 
per cent of the conductance of copper. The curves are 
plotted for different values of armature resistance and 
two values of line reactance, the full lines for 0.3 and 
the dotted for 0. It would appear from these curves 


that even for such a large value of armature resistance 
as 0.5, so long as the reactance external to the machine 
is 0.3, an amortisseur of 4 per cent of the conductance 
of a copper amortisseur is all that is necessary to pre¬ 
vent spontaneous hunting. Almost any kind of 
amortisseur installed for the purpose for which it is 
normally installed will incidentally be of sufficiently 
low conductance to take care of all but the most abnor¬ 
mal cases giving rise to hunting of this nature. As the 
series reactance in the armature circuit decreases, the 
curves show that the need for the amortisseurs to stabi¬ 
lize the system, increases, that is, a higher conductance 
for the amortisseurs is required, but even this value 
is still quite small. 

The analysis of the machine without amortisseurs 
assumed an ideal machine with respect to the quadra¬ 
ture axis, that is, the absence of any path that might 
permit flow of current in that axis, and showed that 
any such machine connected to an infinite bus through 
resistance in the armature is unstable at no load. An 
ideal water wheel generator of this character (and there 
is always some resistance in the armature circuit) can¬ 
not be connected to a transmission line without hunting. 
As a matter of fact, no trouble of this character is 
experienced. The answer may be found in either other 
sources of positive damper or the current paths in the 
quadrature axis furnished by pole face rivets or the 
natural paths for eddy currents. Considering both 
the rivet area in the pole face and its resistivity, the 
conductance of the rivets may be of the order of 5 per 
cent of the conductance of the copper damper and since 
they are sun-ounded by a complete iron magnetic cir¬ 
cuit their time constant is still greater. Of course to 
offset this effect the subtransient reactance will be 
greater. In general, however, the stable operation of 
generators without amortisseurs at no load may well be 
attributed to the currents in the rivets. 

Conclusions 

Theoretically, an ideal machine without amortisseurs 
should hunt, when operating at light loads. The lack 
of such hunting in modem transmission syst ems is 
explained by the presence of current paths in the quad¬ 
rature axis afforded by rivets and parts of the field 
structure. Except for very abnormal conditions any 
normal design of amortisseur, that is installed for other 
purposes, will be found adequate incidentally to prevent 
spontaneous hunting. 

Appendix I 
Power Equation 

The vector diagram for a salient pole machine with 
the excitation e d and e q in the direct and quadrature 
axes, respectively, is shown in Fig. 12. The reactances 
in the two axes are x d and x q . 

Equating the reals and imaginaries 

Esin 6 + ri d -x q i q + e q = 0 


( 101 ) 
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E cos 0 + r i g + X d i d - e d - 0 

From (1) 

1 

*« — x ( e « + E sin 0 + r i d ) 


(102) +x d E sin 0— r E cos 0)(r 2 +x d x g )—x q e f (r 2 + x d x t ) 
+* a (r Cd+aid e 9 +a:d E sin 0—r E cos 0)(x g -x d ) 
+r(x 9 ed—r e 4 -r E sin d-x g E cos 0)(x q -x d ) { 

(103) which, after collecting terms becomes 


Substituting in (102) 

Ec°se+—e g +~Esme+~- i d + x d i d -e d =0 

From which 
1 

u ~r 2 +x d x g [Xt ei ~ r e "~ r E sin e ~ x a E COS 0] (104) 

and substituting in (103) 

1 

% *~ r i+ Xd X(i t r ed+x d e g +x d Esin 0—rEcos 0] (105) 

The power output, that is, the power at E is equal to 



Fig. 12 Vector Diagram op Salient Pole Synchronous 
Machine with Excitation in Both the Direct and Quadra¬ 
ture Axes 

title sum of the products of the in phase components of 
E and I. To get the total power, including the loss in 
the resistance, it is necessary to use the sum of the 
products of the in phase components of I and e, the 
latter including the resistance drop. 

E = (e d — x d id) iq + (— 6 g + x g iq) i d 

= e d i g - e g i d + (* ff - x d ) i d i g (106). 
Substituting (104) and (105) 

r, 1 

F O' 2 + X d Xq ) 2 ( r «<*+*<* *0 

4- x d E sin 0 — r E cos 0) (r 2 4- x d x g ) 

-e Q (x g e d —r e g -r E sin 6-x g E cos 6)(r 2 +x d x g ) 
+ (*« e d -r e g —r E sin 6-x g E cos 0)(r e d +x d e g 
+«d Esin 0 - rE cos 0) (x g - x d ) } (107) 

The increment in power for small increments in e d 
and e g is 

D bP bP 

p -^T A “ + - a7T ie « < 10 <» 

But 

bP 1 

d e d (r 2 +x d x g ) 2 ( ( 2 r e * + *d e g 


bP 1 

be d ~ (r 2 +x d Xq ) 2 f 2 r( - ri+x ^ r2 (x q -x d ) e g 

+ [r 2 (2 x d — x g ) + x d x g 2 ] E sin 0 - r [r 2 

+ x g (2 Xq - x d )] E cos 0 } (109) 

Similarly, 
bP 1 

“ (r 2 + x d Xq ) 2 * **«-<** 

+x d Xq)—(x q Cd—2 r e g —r E sin 0—x g E cos 0)(r 2 
+x d x g )—r(r e d +x d e t +x d E sin 0—r E cos 0)( x g —x d ) 
+x d (x g ed—r e g —r E sin 0-x a E cos 0) (x g -x d ) } 
and collecting terms 

bP _ 1 

b ” (r 2 + x d Xq) ^ 2 f2 ~ x *) ed 

+ 2r(r 2 + xj) e g + r [r 2 - x d O Md - aj 8 )]Esin 0 
+ [r 2 (2 Xq — x d ) + x g x d 2 ] E cos 0 } (110) 



’ 13 Vector Diagram op Salient Pole Synchronous 

Machine showing the Relation between ed and ed f and 

eq AND 6q 

The rate of change of power with respect to e/ and 
e 9 " may be obtained by replacing 

e d by e d ' 
e q by e q " 
x d by x d ' 

and Xq by x g " 

giving 

bP 1- 

b e d ~ (r 2 + x d ' Xq ") 2 * 2 r ^+ x a 2 W-2 r 2 (Xq"-x d ')e q " 

+ [r 2 (2 x d ' - Xq") + x d ' x/ 2 ] E sin 0 

-r[r 2 + x q " (2 Xq" - x d ') ]EeosO] (111) 

bP 1 

b e a " ~ (r 2 +x d ' Xq ") 2 ^ — 2r 2 (*/— x d ')e d '+2 r(r 2 +x d ' 2 )e g " 

+ r[r 2 -x d ' (2 x/ - x q ") ] Esin 0 
+ [r 2 (2 Xq" - x d ') + X/ x d ' 2 ] E cos 0 } (112) 

in which e” is given below by Equation (115) which is 
derived as follows. From Fig. 13 which shows a more 
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complete vector diagram of the machine, it can be 
seen that 

(113) 

From Equation (105), replacing 
x d by x d ' 
e d by e d 

and e g by 0 

one obtains 


= Z ~r~~r~ [r «<*' + xj E sin 9 - r E cos 9 ] (114) 

/ “|“ Xd Xq 

which when substituted in (113) gives 

ZTZ \. re d + x d 'E sin 9—rE cos 0] (115) 

/ "T* Xd Xq 


In considering the machine without amortisseur 
windings e v " can change instantaneously so that the 
characteristics of the machine with respect to the quad¬ 
rature axis can be determined by the constants which 
are used for determining the steady state performance. 
Therefore replacing in Equation (109) 

e d by e/ 
e Q by 0 

and x d by x/ 


bP _ 1 

b e d ' ~ ( r 2 + x d ' x q ) 2 


{ 2 r (r 2 + * e 2 ) e d ' 


+ [r 2 (2 x d — x q ) + x d x t 2 ] E sin 9 
- r [r 2 + Xg (2 Xg - x d ') ] E cos 9 } (116) 

For the case in which the main field resistance is 
assumed equal to zero and the effect of the amortisseur 
in the direct axis is to be included, it is necessary to 
introduce a third voltage, namely, e/, which is pro¬ 
portional to the flux linkages with the amortisseur in 
the direct axis. The “subtransient reactance” in the 
direct axis, x d ", must be used with e d ". Equations 
(111) and (112) for this condition become 

d e/ = (r 2 + x/x q 'y {2 r ( r2 + a: « ,/ ) e /~ 2 r 2 (x q "-x/) e Q " 


Substituting in (119) 

r+i77 f K»* + */*0«/ 

+ ( x d — x d ") (r sin .0 + x q cos 0) E ] (121) 

Appendix II 

Energy per Cycl? Including Effect of Windings 
in Both Axes 

1. Analysis will first be made of. a salient pole 
machine with an amortisseur winding in the quadrature 
axis only. 

Equation (17) gives the instantaneous value of e d 
and substituting i d from Equation (104) of the appendix 
in terms of e d , e q ", x d , and x q , there results 

1 

e d = ~ 2 - + , [(r 2 + x d Xg") e d — r (x d — x d ') e q " 

— ( x d — x d ') r E sin 6 — (x d — x d ') x q E cos 6] (122) 

Obtaining A e* from this equation and substituting in 
Equation (13) 

(r 2 4- x d x q ") A e d ' — r ( x d — x d ’) A e q " 

+ (x d - Xd') (x q " sin 6 — r cos 6) E A 6 

d A 6 d 

+ (r 2 + x d ' x q ") Tao — Yt — = 0 
or 


A ed' + T d 


d (A ej) 
d t 


r ( x d — x d ) 

—— - SJ — a e " 

r 2 + x d x q " 


(x d - x d ') 


r 2 + x d 


7 , (x q sin 9 — r cos 6) E A 6 (123) 


in which T d is defined by 

r 2 + x/ Xg" 


T d = 


r 2 + x d Xg" 


do 


(124) 


+ [r 2 (2 x d " — Xg) + x/ Xg" 2 ] E sin 9 
- r [r 2 + x a " (2 x/ - x d ") ] E cos 9 (117) 

bP 1 

"v + */*/)* {_2 rKx ° 

+ r[r 2 - x/ (2 x d " - x q ") ] E sin 9 
+ [r 2 (2 Xg" - x d ") + Xg" Xd " 2 ] E cos 9 } (118) 

in which e q " is determined by Equation (115) and e d 
by the following Equation (121) which is derived as 
follows. 

e/ = e d - (x d — Xd!') id (119) 

But id from Equation (104) inserting the appropriate 
constants is 

1 

id = XjTPTT [x a e d '-rEML9-x a E cos 9] (120) 

T “t” dsd 


In Fig. 13 is shown the vector diagram including the 
nominal quadrature voltage, e a . The nominal voltage 
is numerically equal to the instantaneous value of cur¬ 
rent in the quadrature axis; the positive sense being 
taken for values leading e d '. The voltage e q " is the 
subtransient voltage in the quadrature axis and is 
called so because it corresponds to flux linkages asso¬ 
ciated with the damper winding, the double prime being 
used to correspond with subtransient reactances x/ 
and x/. For steady state conditions e q - 0 and e q " 
is negative when the machine is operating as a generator. 

Since there is no source of e. m. f. in the amortis¬ 
seur winding, the voltage equation may be written 

d 4 , i 

0 = e t + Tg 0 " —jj 


( 125 ) 
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But since may be shown to be equal to e/ in a manner 
analogous to relation e/ = + tl for the direct axis, 


or 


0 = «• + (126) 

But from Fig. 13 it may be seen that 

«* = «*' + (*, - */) i„ (127) 

Substituting i„ from Equation (105) of the appendix, 
in terms of e/, e/, and xf, 

1 

e " = r~+x„’x/ [r (x " ~ x ‘" ) e/ + ^ + ***"') < 


will be dependent upon each other. Let the solution 
of the simultaneous Equations (13) and (132), be 

Ae/ = (a + j b) A_0 (133) 

and 

Ae„" = ( e+j d) A 0 (134) 

xt „ bP c>P 

Now A P - -^r- A e/ + -JJ1T A «/ (135) 

&P , dP 

in which ^ and “ g , are given by Equations 

(111) and (112), respectively. 

The energy absorbed per cycle is obtained by in¬ 
serting the instantaneous values of A e/ and A e v " and 


m 


+ (*-/ - */) E (*/ sin 0 - r cos 6 ) ] (128) 

Obtaining A <?,, from this equation and substituting i 
Equation (126) 

(r a + x„ */) A e,/' + r (x„ - */) A e/ 

+ (*., - «/) (*/ cos 0 + r sin 6) E A 6 


+ (r- + x/ x„") 7V 


A e/ 
d £ 


or 


A ,, I (71 // f (A<?, ; ) (Xq */) 

4c ' +J * rfl + ?+*,*/ ie ' 


(*-'' cos 0 + rsin 0) E A 6 (129) 


in which 


r " - + V g/ 

* + *,*/ 


(130) 


m 


Now if A 0 varies sinusoidally, A e/ and A e/ will 
also vary sinusoidally. Representing these quantities 
vectorially as A 0, A e,/, and A e,,", and substituting ' 
(123) and (129), there results 

a+;2r/r/)W- AC 


■ (*/ sin 0 - r cos 0) E_ A 0 (131) 


and 


0 + 1 2T/2V) AC + AC 


= “ + ®7®7~ &*' cos 6 + r sin 6) Hl a 0 (132) 

It will be observed'that for r = 0, the second terms 
on the left hand numbers are zero so that A e/ and 
A e/ are independent of each other and may be solved 
separately. For other values of r, A e/ and A e,/ 


integrating the 


quantity A P 


d (A 0) 
d t 


around one com¬ 


plete cycle. This has been done before and it was 
seen (Equation (34)) to be proportional to A e, lm ' sin a. 
In the case at hand this quantity is equal to be A 0 m 
for A e,i and d A 0 m for A e„”. The energy per cycle 
thus becomes 



(136) 


in which 6 and d are defined by Equations (133) and 
(134) and determined by solving (131) and (132) and 

bP , dP 

d e/ and d e,/' are Stained by Equations (111) 


and (112). 

2. The analysis for the case in which the amortis- 
seurs in both axes are included and the resistance of 
the main field is assumed equal to zero will be discussed 
next. With zero resistance field, the flux linkages 
associated with the field winding, must remain constant. 
This is equivalent to assuming ej constant. The 
voltage corresponding to the flux linkages with the 
amortisseur winding in the direct axis will be desig¬ 
nated e/ and the associated reactance */. It follows, 
therefore, that the analysis will follow the same lines 
as for the case of the amortisseur winding in the quadra¬ 
ture axis only and finite field resistance, except that 
e d ' will be replaced by «/, x d ' by x/, and x d by */. 

The equations determining Ae/ and A e/ become, 
from (131) and (132) 


(1 + j 2 ir f T/) A e/ — 


r (x/ - x/) 
r 2 + x,/ x» 


fo/ - X/) 

r 2 + x,i' x / 


(*/ sin 0 - r cos 0) E A 0 


( 137 ) 


(1 + j 2-irf T v ) A e/ + 


r («« ~ V) 
r 2 + x t x d u 


Ae/ 
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(*« - */) 


x q x/ ( Xi " cos 9 + r sin 0) E A d (138) 


and 


B. L. Robertson, A. I. E. E. Quarterly Trans., Vol. 47, April 
1928, p. 514. 

“The Stability of Large Interconnected Power House Opera¬ 
ting in Parallel,” Archiv.f . Elektrotech ., Aug. 2,1926, pp. 307-330. 


>■ + «/«/ , 
4 r 2 + */ a: a J 40 


(139) 


7T » _ r l X « Xd * m , 
“ r 2 + as/ as/ J 

A f/ = (ff + j h) A 8 


Now if 

and Ae/ = (k + j m)Aj_ 

the energy absorbed per cycle is 

ut / F j &r 5P n 

ny~ - (4 0.) 


&P 

m which ——— 
be/ 

(117) and (118). 


and 


b P 
be/ 


Appendix III 

Machine with Field Resistance = o and 
Amortisseur Winding in Quadrature Axis Only 
With a field winding having a resistance equal to 
zero the flux linking the winding in the direct axis must 
remain constant. The flux in the quadrature axis is 
still permitted to vary, the amount of which can be 
obtained from Equation (132) by letting Ae/ =0 
giving, -’ 

a a ,r — _ W 27 T/T / (as,- z/) . . 

1 + (2 T/ T/y > + *,*/ to cos 9 

+ r sin 6) E A 6 ( 144 ) 

Since b in Equation (136) is zero and d is equal to the 
imaginary part of Equation (135), then 

W/~ = - *llll (».-»/) , 

' 1 -h (2v rfT/y (r 2 + x e x/) ^ cos 9 


Discussion 

H* E. Ed^erton: The person who has never had experience 
with, or heard of self-sustained oscillation of synchronous ma¬ 
chines is at first disturbingly puzzled by the idea. Why should 
the currents that are induced in the stator and rotor by momen¬ 
tary departures from synchronism tend to drive the machine 
further from synchronism? It appears to be a contradiction 
to Lenz’s law which tells us that the induced currents set up a 
force that tends to stop the motion producing them. The in¬ 
duced currents in the rotor of an induction motor obey Lenz’s 
law and tend to bring the rotor to synchronous speed and we 
would think that the induced currents in the field of the syn¬ 
chronous machine should be of the same nature. 

There is however an important difference betwoon the rotor of 
are defined by Equations an induction motor and the field of a synchronous machine 

which, I believe, is the cause for self-sustained oscillations. 
The induction motor has a polyphase winding on the rotor while 
the field winding of the synchronous machino appears as a 
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Fig. 2 


b P 

+ rsmd)E ~b7/' 


( 145 )' 


bP 


m which is determined by Equation (112). 
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Pig. 1—Slip-Torque Curves por an Induction Motor 
with a Polyphase Rotor and with a Single-Phase Rotor 
Fig. 2 Diagram showing Instantaneous Range op 
Variation op Slip-Torque Curve por an Induction Motor 
with a Single-Phase Rotor 

single-phase winding to the stator. An amortisseur winding 
tends to introduce a winding in the quadrature axis, thus allowing 
me rotor winding to approach a polyphase combination. In this 
discussion I wish to show how the theory of the single-phase 
rotor induction motor can be used to explain the phenomena 
of self oscillation of synchronous machines. 

Fig. 1 herewith shows the speed torque curve of an induction 
motor with a polyphase rotor. If one rotor phase is opened the 
resulting curve will be that indicated also in Fig. 1 (see for 

r d ** Cour “ DiG luduektionsmaschinen,” 
pages 186-196). The characteristic has the well-known dip at 
half speed. I wish to point out that this torque curve is, how- 
ever, only an average. As the single-phase rotor winding rotates 
ltjdternateiy grabs antirehases its hold on the rotating magnetic 
rite J double shp frequency. The torque, we must then 
realize, is a function of angular displacement between the terminal 
potential and the axis of the single-phase winding as well as of 

cent Jr 1118 "i 0Wn m Fig ‘ 2 for 4116 region from zero to 5 per 
p ‘ Tiie instantaneous torque varies with the angle 

“ exeursi011 over 4116 shaded area between the boundaries 
and giving an average torque which is shown by me curve marked 
average on Fig. 2 and is shown over the complete range in Fig. 
1. The effect of stator resistance is to cause the instantaneous 
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torque to give generator action for small values of motor slip 
and angle. 

Fig. 4 shows the wiring diagram for a test to show the effect of 
a single-phase rotor on the induction motor effect. A Westing- 
house instantaneous polyphase-power oscillograph element 
recorded the power at the terminals of the motor with the exter¬ 
nal resistance between the infinite bus and the oscillograph. 
Other elements were used to record stator and rotor current, 
voltage of an open-circuited synchronous machine on the shaft, 
and a voltage from which angle could be computed. 

The oscillogram. Fig. 5, shows that for part of the time the 
motor is acting as a generator and is actually delivering power. 
From this oscillogram were measured power input ahd angular 



Fig. 3 Experimental Input-Angle Curve prom Oscil¬ 
logram (Fig. 5) op an Induction Motor With a Single- 
Phase Rotor Circuit. Slip = 3.3% 

displacement. These are plotted against each other in Fig. 3. 
For the no-load region about zero degrees of angular displace¬ 
ment the damping tendency of the induced currents is such as to 
cause an increase in slip rather than retard its progress. This 
action is the source of self-oscillation. 

The frequency of oscillation of a synchronous machine depends 
upon the inertias of the rotating machines and upon the syn¬ 
chronous torque-angle relations. This frequency depends upon 
what portion of the torque-angle curve is being used and upon 



Fig. 4—Wiring Diagram for Oscillogram (Fig. 5) to 
show Instantaneous Variation op Input to a Polyphase 
Induction Motor with a Single-Phase Rotor 

the amplitude of the oscillation. The angle-time curves are not 
sinusoidal if the variation is large. 

The damping has very little effect on the frequency of oscilla¬ 
tion. The damping, however, determines how fast transient 
oscillations are to decrease to zero or increase. Mr. Wagner 
shows very clearly how the energy per cycle from damping action 
is negative for the case where oscillations increase and positive 
for cases where the oscillations damp out. For sustained oscilla¬ 


tions the energy per cycle of oscillation must be zero. That is if 
the damping is negative part of the time it must oscillate over 
enough degrees to include just enough positive damping to keep 
the total energy per eycie equal to zero. 

If the machine oscillates about no-load it is important to 
notice that the maximum slip occurs at small angular displace¬ 
ments and so the negative damping effect, if any, will be ac¬ 
centuated. As the rotor swings into angular displacements 
which give positive damping the slip is much smaller and so the 
swing will need to be greater. 

If the excitation is obtained from a constant voltage d-c. 
source, increasing the excitation has two effects: (a) It increases 

the frequency of oscillation because it stiffens the synchronizing 
torque thus influencing the manner in which the slip varies; 
(b) It causes the slip-torque characteristic to change because the 
external field resistance is decreased. A change in inertia also 
affects the range of self-oscillation because it causes a different 
variation of the slip by changing the period of oscillation. 



Fig. 5— Oscillogram showing Variation op Induction 
Motor (with Single-Phase Rotor) Input with Angular 
Displacement. Connections Fig. 4. Values from Oscil¬ 
logram Fig. 3 

As Mr. Wagner points out the practical elimination of the self¬ 
oscillation phenomena depends upon the use of quadrature or 
amortisseur windings which tend to make the rotor appear as a 
balanced polyphase winding to the stator. 

R. C. Berdvails Mr. Wagner’s analysis of hunting phenom¬ 
ena of synchronous machines has been interesting to me on 
account of accidentally having had experience which checks his 
analysis. In 1923, Mr. Evans and I wrote a paper covering tests 
on a miniature transmission system on which hunting was 
actually produced by increasing the field current with relatively 
high resistance in the lines. These tests were made at no load 
and the severity of the hunting was found to increase with an 
increase in field current. The same machine was tested both 
with and without damper windings and it required more field 
current to produce the same degree of hunting with damp 
windings. A couple of years ago while experimenting with 
high-speed excitation applied to a 150-kv-a. synchronous con¬ 
denser which was connected to a large bus through about 15 per 
cent reactance, severe enbugh hunting to cause the condenser to 
pull out of step with the system was produced by the application 
of five times normal field current. This should not indicate that 
there is much possibility in actual practise of producing hunting 
with high-speed excitation even though five times normal voltage 
is applied to the slip rings during emergencies, because this high 
voltage is only used to obtain a rapid build-up of the field current 
and is dropped down when the field current reaches the proper 
value. 
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C. F. Wagner: I am very greatly interested in Mr. Edger- 
ton’s point of view regarding this problem and look foward to the 
time when I can analyze his method in more detail. 

The 1923 tests to which Mr. Bergvall referred illustrated quite 
clearly the effect of excitation in armature resistance. The 
machine under test had no dampers and had considerable re¬ 
sistance in the armature circuit. We found during the test that 
with low excitation the machine was stable and as the excitation 


was increased the machine became unstable. It was unfortunate 
at the time that we did not continue the tests to bring out the 
complete cycle as we might have done. We could have increased 
the load on the machine and again made the machine stable after 
which, by decreasing the excitation, the machine could again be 
made unstable. Decreasing the load would have made the 
machine stable again. This procedure would have illustrated 
quite plainly the effect of both load and excitation. 



The Synchronous-Repulsion Motor 

A Special Development for the Photophone 

BY H. C. SPECHT* 

Member. A. I. E. E. 

Synopsis.-—This paper describes a motor which is developed can easily be applied for this double motor, no equations are given, 
sptcia y for ie opeiation of photophone machinery. The character- For illustration of the characteristics various oscillograms and test 
imes of this motor arc analyzed and demonstrated by oscillograms, curves are given. 

Since the well-known theory of synchronous and repulsion motor ***** 


Introduction 

HE exact speed of an ordinary motion picture 
projector is relatively unimportant provided it is 
kept within certain limits. Not only can the 
projector be operated at different speeds, but also it is 
possible, and usually desirable, to be able to vary the 
speed at the will of the operator. These simple re¬ 
quirements are quite easily met by an ordinary adjust¬ 
able speed motor, such as a series motor or repulsion 
motor with some form of speed control. 

Such a motor, however, would be quite unsuitable 
for driving a talking motion picture projector. In the 
first place, the sound record, whether it be on the film 
itself or on a disk driven synchronously with the 
projector, must be run at one definite speed in order 
that the musical sounds be reproduced at their correct 
pitch. Even more important than the fact that the 
record be run at the proper speed is the fact that once 
the speed is set, it must not be changed suddenly, for 
while only a few may have an ear for “absolute pitch,” 
practically every one experiences a disagreeable sensa¬ 
tion if the pitch suddenly changes. However, these 
requirements are easily met by a synchronous motor for 
the frequency of a modern power system is substantially 
constant. 

However, a synchronous motor is not entirely satis¬ 
factory, for sometimes a theater will have mixed into 
its program, the ordinary silent pictures. In order to 
keep performances on schedule, these silent pictures must 
often be run at a different speed,—usually higher,— 
and the adjustable speed characteristics desirable with 
the ordinary projector are highly desirable in this case, 
too. Thus, the application requirement for this service 
is a driving set which can be operated either as a syn¬ 
chronous motor when desired, or as an adjustable speed 
motor which speeds up to, say, one and one-half times 
synchronous speed. These requirements could be met 
by a synchronous motor and an adjustable speed repul¬ 
sion motor on the same shaft, but limited space require¬ 
ments in a projection booth and simplicity in operation 
make it highly desirable to have this dual service 

♦Consulting Engineer, Weatinghouee Elee. & Mfg. Co., Spring- 
field, Mass. 

Presented at the North Eastern District Meeting of the A. I. E. E., 
Springfield, Mass., May 7-10,' 19S0. 


provided by a single machine. Such a machine, which 
may well be styled a synchronous-repulsion motor, has 
been developed for this service and will be described in 
this paper. 

Suppose two separate motors, a synchronous motor 
and a repulsion motor mechanically coupled in tandem 
to drive an external load, and further suppose both 
machines to be connected to a proper source of power, 
an external resistance or other speed-controlling means 
being provided for the repulsion motor. The rep ulsi on 
motor can be used to bring the load and synchronous 
motor up to synchronous speed where the set will pull 
into step and operate in synchronism, provided of 
course that the torque of the repulsion motor at syn¬ 
chronous speed is less than the break-down torque of 
the synchronous machine as a generator plus the load 
torque, and more than the difference between the load 
torque and the breakdown torque of the synchronous 
machine as a motor. It is hardly necessary to mention 
that if the repulsion motor torque is less than the load 
torque, the synchronous machine will act as a syn¬ 
chronous motor, drawing power from the line and 
developing mechanical torque to assist the repulsion 
motor; if the repulsion motor develops torque in excess 
of that required by the load, the synchronous machine 
acts as a generator, absorbing the excess torque of the 
repulsion motor and feeding power back into the 
line. 

However, a synchronous machine and a repulsion 
motor can be combined into a single machine using the 
same magnetic circuit and the same windings. Such a 
motor is shown diagrammatieally in Mg. 1. 

When the switch g is thrown to the upper position, 
the machine will operate as an ordinary repulsion motor, 
speed control being effected by means of the rheostat 
h, though of course this could be done by control 
of the line voltage by means of a transformer, resistance 
or reactance in the line circuit, etc. When the switch 
g is thrown to its lower position, the motor, for 
reasons to be explained later, will come up to speed, 
pull into step and operate as a synchronous motor. A 
flywheel is provided to prevent hunting during syn¬ 
chronous operation. Thus, the control of- this motor is 
so simple that an inexperienced person can readily 
operate it. 
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Determination of the Size of Motor Required 

As already mentioned, the projector must be run at 
speeds above synchronism. The power requirements 
at the highest speed fix the size of the motor for it can 
be designed as an ordinary repulsion motor, ample in 
size to carry this load at this speed as if there were no 
other considerations. The design of the motor being 
fixed, nothing remains to be determined except the 
direct current excitation necessary for satisfactory 
synchronous operation which can either be calculated 
or found experimentally. 

Characteristics op the Synchronous 
Repulsion Motor 

The characteristics of this motor are somewhat 
different from those of any conventional single mac hine 
but closely resemble the characteristics of two machines 
in tandem as previously described. 

It is generally known that when the slip-rings of such 



Fia. I—Combined Synchronous and Repulsion Motor 

a. Stator winding 

b. Repulsion armature and d-c. exciting winding 

c. Brushes on the commutator 

d. Slip-rings and brushes on them 

e. Centrifugal or automatic switch of some sort 

f. Storage battery or other, source of direct current 

g. Double-pole, double-throw switch 

h. Rheostat 

a motor are short-circuited, the armature will run at 
synchronous speed under certain conditions. As the 
action of this motor is easier to understand if the latter 
be excited by direct current, let us consider this case. 
Since the direct current is introduced into the armature 
winding at two points which are fixed with respect to the 
armature, the direct current will set up magnetomotive 
forces tending to set up a flux which is fixed in space 
with respect to the armature; that is, the direct 
current sets up magnetic poles similar to the poles set 
up in a non-salient pole turbo alternator. These poles 
lock in with the rotating field set up by the repulsion 
motor and thus the armature rotates at synchronous 
speed. . 

Although the rotating member is excited from a direct 
current source, the exciting current and fluxsetupby the 
rotating member will pulsate strongly, mainly due to the 
high reaction of the a-c. field caused by the small air-gap, 
the low permeance of the laminated iron, and the distri¬ 
bution of the armature winding. The frequency of this 
pulsation is twice the line frequency, just as it is in an 
ordinary synchronous motor. A further pulsation is 


caused by a periodic short-circuiting of the slip-rings 
through the repulsion brushes. However, this effect 
is not very great since the contact resistance of the 
repulsion brushes is fairly high. 

If the slip-rings be merely short-circuited, somewhat 
similar effects will be obtained, for the motor will run 
in synchronism with the line frequency under certain 
conditions and there will be pulsations of twice the line 
frequency in the slip-ring circuit due to having a winding 
rotating in the a-c. stator field. In this case, however, 
the effect .is somewhat similar to that of a synchronous 
brake, as if the synchronous machine in the two-motor 
set used for illustration could not develop sufficient 
mechanical power and therefore could act only as a 
generator. The pull-out torque is approximately equal 
to the repulsion torque at synchronous speed. At light 
loads, the repulsion torque will overpower the syn¬ 
chronous braking torque, so to speak, and the machine 
will pull out of step and run above synchronous speed; 
if the slip-rings are merely short-circuited, the range of 
torques at which the motor will operate synchronously 
is rather limited and moreover the motor is unstable, 
tending to hunt, both of which facts make it unsuitable 
for photophone service. With d-c. excitation, the 
motor synchronizes more readily, is more stable over a 
larger range of loads and does not tend to hunt. More¬ 
over with d-c. excitation, the pull-out torque will be 
approximately equal to the breakdown torque as a 
synchronous motor plus the repulsion torque at syn¬ 
chronous speed. 

The d-c. excitation has another important effect, that 
of reducing the line current. The reasons for this are 
two-fold: First, the magnetizing component of the 
stator current is decreased, since the direct current sets 
up all or a portion of the revolving field which would 
normally be set up by the stator windings; that is, the 
repulsion motor, in effect, becomes armature-excited. 
Another effect, which becomes more important at light 
loads, is the reduction of the repulsion armature 
current. Perhaps an easy way to grasp the funda¬ 
mental reason for this is to consider that at light 
loads, where the torque required by the load is less than 
the repulsion torque at synchronous speed, either the 
working flux or armature current must be less than it 
would be for repulsion operation at synchronous speed; 
the flux is essentially constant and therefore the repul¬ 
sion armature current, and to some extent the stator 
current on account of reduced losses, is smaller than it 
would be if the motor were operating as a straight 
repulsion motor at synchronous speed. 

The performance of this unusual motor can be figured 
from the theory of the synchronous motor and the 
theory of the repulsion motor. However, the many 
irregularities will make it difficult to obtain accurate 
results. 

Test Data 

Various oscillograms were taken on one of the 
photophone motors built. Fig. 2 shows the direct- 
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current, line voltage, and stator current when the motor 
was run as a straight synchronous motor with the 
repulsion brushes lifted from the commutator. The 
oscillogram shows in a very pronounced manner the 
pulsation of the direct current and the distortion in the 
stator current. The applied a-c. voltage, of course, was 
not distorted. 



Pig. 2—As Synchbonous Motor 

12 amperes, d-c. excitation, repulsion brushes lifted, load - 12 oz-ft., 
1.55 stator amperes. Top curve, stator a-c, amperes; middle, the line volt¬ 
age; bottom = exciting current 

In Fig. 3 are shown oscillograms of the direct voltage, 
direct current, and the alternating current through the 
short-circuited repulsion brushes when the motor was 
run as a synchronous-repulsion motor. Due to the 
short-circuited repulsion brushes, the pulsation of the 
direct current is slightly greater than shown in Fig. 2. 
The rotor current, or current through the brushes, 
shows some distortion. 

In Fig. 4 are shown oscillograms of the line voltage, 
and of the stator and rotor currents, with the same load 
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Fig. 3—As Repulsion Synchronous Motor 

12 oz-ft. load, 220 volts, 1.6 amperes a-c., 1800 rev. per min. Top-d-c. 
volts across brushes of sling-rings; middle, d-c. amperes; bottom, rotor 
a c. amperes. 

conditions as in Fig. 3. It will be noted that the stator 
current is distorted much more than the alternating 
rotor current, and that this distortion is quite different 
from that in Fig. 2 where the machine is run as a syn¬ 
chronous motor. This difference, of course, is due to 
repulsion motor action. In addition to the distortion 
caused by the pulsation in the exciting current, the 
curves show smaller ripples which areprobably caused by 


the teeth and commutator bars. In Fig. 5 are shown 
oscillograms taken with the motor operated as a plain 
repulsion motor delivering the same output torque at 
a higher speed. 

Figs. 6 to 11 show a few test curves of the same motor 
which was a I4~hp., 60-cyele, 220-volt, 4-pole, single¬ 
phase machine. In Fig. 6 is shown the no-load satura¬ 
tion curve, the motor being externally driven at 1800 
rev. r>er min. In Fig. 7 are plotted the input amperes 



Pro. 4—As Repulsion Synchronous Motor 

12 oz-ft. load, 1800 rev. per min. Top curve, stator a-c. amperes; middle 
220-volt line volts; bottom, rotor a-c. amperes 


and watts at different exciting currents when the ma¬ 
chine was operated at no-load as a straight synchronous 
motor. At 15 amperes excitation,, the alternating 
current has assumed its lowest value, and this checks 
with Fig. 6 where at 15 amperes the generated voltage 
is 220; i. e., equal to the line voltage. 

Fig. 8 shows the results of a brake test as a syn¬ 
chronous motor with 12 amperes d-e. excitation, the 
repulsion brushes being lifted from the commutator. 
Fig. 9 shows the result of a brake test as a straight 



Fig, 5—As Repulsion Motor 

12 oz-ft. load, 220 volts, 2230 rev. per min., 2.74 stator amperes and 
112.2 rotor amperes. Top, stator amperes; middle, line volts; bottom, 
rotor amperes 

repulsion motor and Fig. 10 the result of a brake test as 
a synchronous-repulsion motor with 12 amperes ex¬ 
citation. Finally, Fig. 11 shows the results of a brake 
test as a synchronous-repulsion motor without d-c. 
excitation, the leads of the collector rings being short- 
circuited. 
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In these curves, the efficiency and watt input do not 
include the watts supplied from the d-c. source for 
excitation. The measured pull-out torque as a syn¬ 
chronous motor was found to be 20 oz.-ft. and the 
repulsion motor torque at 1800 rev. per min. was 26 oz. 


motor is better because there are no brush friction losses 
nor losses in coils short-circuited by brushes as the 
latter are raised from the commutator. A brake test 
as a synchronous motor was also taken with the repul¬ 
sion brushes down on the commutator and in this test. 
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d-c. leads were short-circuited, the motor fell out of step 
at either 6 oz-ft. or 25 oz-ft.; i. e., if the load torque 
were less than 6 oz-ft., the motor would pull out and 
run above synchronous speed, and at loads in excess of 
25 oz-ft., the motor would pull out and run below syn¬ 
chronous speed. This demonstration shows quite 
clearly that without d-c. excitation, the machine cannot 
carry such a high overload torque as’a synchronous 
motor as it can with d-c. excitation. Moreover, with¬ 
out d-c. excitation, hunting was quite noticeable. 
These conditions could have been improved somewhat 
by inserting some resistance between the repulsion 
brushes. Furthermore, it was observed that the 
commutator bars to which the slip-rings were connected, 
had a tendency to bum. 

Conclusion 

This photophone motor is very simple in operation, 
synchronizes readily at all loads, and can carry con¬ 
siderable overload. Furthermore, it is quite efficient 
and has a particularly good power factor. It is there¬ 
fore quite satisfactory for photophone drives. 

The author wishes to acknowledge gratefully the 
valuable assistance rendered him by Messrs. H. E. 
Newhouse and C. G. Veinott in performing the tests 
described and in preparing this paper. 
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Discussion 

S. Newman, Jr.: The Electric Specialty Company of 
Stamford, Connecticut, has recently developed a motor which 
combines the features of the repulsion type and the salient pole 


synchronous type of motor. This motor does not have any 
variable speed features and does not require any d-c. excitation. 
It is used for talking motion picture work or any application 
requiring synchronous operation where a small load is always 
connected to the motor. The small load is necessary because 
between no load and about 15 per cent of full load the motor runs 
above synchronous speed. From 15 per cent to 140 per cent of 
full load synchronous speed is maintained. The load at which 
slipping occurs, both over and under synchronism, can be con¬ 
trolled by shifting the position of the brushes. 

The motor has very desirable characteristics as far as power 
factor and efficiency are concerned. The hp. and hp. 
motors of the repulsion synchronous type have an apparent 
efficiency, i. e., product of power factor and efficiency, of about 
43 per cent as compared with about 20 per cent for split-phase 
salient pole synchronous motors of the same ratings. 

The starting current on the repulsion synchronous motor of 
% hp. is less than 15 amperes as compared with about 40 amperes 
for the split-phase type. This feature is especially important 
since the N. E. L. A. requirements allow 20 amperes starting 
current for motors of this size. 

R. E. Hellmund: Mr. Specht has described in his paper a 
very interesting motor combination which is well suited for the 
particular application and possibly for others where similar 
requirements have to be met. The only drawback of this 
arrangement is that common to all synchronous motor arrange¬ 



ments, namely, the necessity for a source of d-c. power for the 
field excitation. For the size of motor involved, a battery as 
shown in Fig. 1 would serve the purpose, but it necessitates 
either the periodic replacement of dry batteries or means for 
charging a storage battery. It would therefore be much more 
desirable to use a copper-oxide rectifier, if the d-c. power require¬ 
ments could be kept low enough to permit of the economical use 
of such a rectifier. In so far as the torque supplied by the motor 
during its synchronous repulsion operation is much in excess of 
the requirements, it would seem that operation at reduced 
voltage would give sufficient torque and at the same time permit 
a considerable reduction in the d-c. power requirements. 

The paper shows a number of oscillograms for the motor in its 
various operating conditions. Fig. 2, applying to the straight 
synchronous operation, indicates in particular a very marked 
third harmonic in the primary current curve. The reason for 
this is that the d-c. excited rotor represents at the same time a 
single-phase a-c. circuit. The secondary carries the double¬ 
frequency current common to motors with single-phase primaries. 
Since the secondary is also single-phase, the magnetomotive 
forces set up by the double-frequency currents can be represented 
in the usual way by two polyphase magnetomotive forces rotat¬ 
ing in opposite directions relative to the rotor at double-frequency 
speed, as indicated by the arrows (a) and ( b ) in Fig. Therewith. 
Since the rotor has a mechanical synchronous speed correspond¬ 
ing to the line frequency, as indicated by the arrow (c), the 
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speed of the rotating field (a) with regard to the stator is increased 
to three times synchronous speed, as indicated by the arrow 
(ai), and the speed of the rotating field (b) with regard to the 
stator is reduced to the line frequency, as indicated by the arrow 




(&i). The field (oi) is responsible for the marked third harmonic 
indicated in Pig. 2 of the paper. All of this is, of course, qualita¬ 
tively the same as in any ordinary single-phase synchronous 
machine without damper or squirrel-cage windings in the rotor. 
It may, however, be more marked in this case than in the usual 
salient-pole machines on account of the distributed windings in 


the rotor and the small air-gap, both of which tend to reduce 
the leakage coefficient and therefore the tendency of the leakage 
reactance to smooth out the higher harmonics. 

As soon as a change is made from the pure synchronous 
operation to the synchronous repulsion operation, the short- 
circuited commutator brushes establish a second circuit through 
the rotor as shown in Fig. 3 herewith, and therefore a polyphase 
condition for all rotor positions except those for which the 
slip-ring taps happen to coincide with the commutator brush 
position. As a consequence, the backwardly rotating double¬ 
frequency magnetomotive force in the rotor is materially reduced, 
and so the third harmonic in the primary current of Fig. 4 is much 
less noticeable. 

H. C. Specht: The synchronous repulsion motor men¬ 
tioned by Mr. Newman is an ordinary repulsion motor with the 
exception that the periphery of the rotor possesses cutouts in the 
same way as is the general practise on synchronous induction 
motors. These cutouts are in number equal to the number of 
poles and the remaining projections make the salient poles. 
Such synchronous repulsion motors have occasionally been used 
for special applications for which a high starting "and pull-in 
torque is required. The motor stays in synchronism very well at 
certain load and considerable overload. However, at light load, 
i. 6 ., at higher than synchronous speed it has a tendency to 
run out of step. For the application of photophone drive where 
the motor has to run occasionally at higher speed with greater 
load, the ordinary synchronous replusion motor is not adaptable. 

Mr. Hellmund has mentioned the use of a rectifier for the d-c. 
supply, and this is certainly very desirable and there is. no 
objection to the use of it. He also called attention to the fact 
that the motor I have described has considerable torque in 
excess when operated as synchronous repulsion motor. As a 
matter of fact this has been eliminated on the later motors, by a 
smaller d-c. excitation and by inserting a choke coil in the line 
supply circuit in order to reduce the applied a-c. voltage when 
operating as synchronous repulsion motor. By proper arrange¬ 
ment, the simple switching with the double throw switch is not 
affected. This scheme has naturally improved the performance 
of the motor. 




Synchronous Motor Effects in Induction 

Machines' 

BY E. E. DREESE 2 

Synopsis. Many induction motors do not have the smooth cause the motor to run as a synchronous motor at some intermediate 
speed torque curves which are to be expected from elementary theory, speed between zero and normal no-load induction motor speed 
Many motors at no load show a tendency to run at some speed way. This effect has been christened the “synchronous motor effect” in 
below that normally expected. This is sometimes called “ sub- induction machines and is shown to be due to the locking of har- 
synchronous” speed; or the motor is said to be “crawling .” In the manic fields, generated by the stator winding with similar harmonic 
present paper one cause of this phenomenon is explained. It is fields, generated by the rotor windings. The method of avoiding this 
found that certain combinations of phases, rotor slots, and poles trouble by the proper selection of the number of rotor slots is given. 


F ROM time to time those responsible for the design 
of induction motors are disappointed when a new 
design proves to be noisy or develops what is 
called a sub-synchronous speed. The present paper 
will present a new cause for this phenomenon which 
will explain some cases of sub-synchronous speeds 
hitherto not understood. 

The speed-torque characteristic of the classical 



J'ns. 1 —The Speed-Torque Curve of an Ordinary Induc¬ 
tion Motor as Usually Drawn 

induction motor is a smooth curve usually shown as in 
Fig. 1. 

Various investigators have found from time to time 
that seldom (if ever) is the actual curve smooth as 
shown in Fig. 1. They find instead curves more like 
Fig. 2. 

Still more careful investigation reveals that the 
curves are actually very "rough” near zero speed and 
Fig. 3 more nearly represents the true performance 
diagram. 

In all the above curves the torque is shown as a 
single-valu ed function of the speed. This paper will 

1. This paper was submitted to the University of Michigan 
in partial fulfilment of the requirements for the E. E. Degree. 

2. Chairman, Electrical Engg. Dept., The Ohio State Univer¬ 
sity, Columbus, Ohio. 

Presented at the North Eastern District Meeting of the A. I. E. E., 
Springfield, Massachusetts, May 7-10,19S0. 


show that in some cases the torque is not such a single¬ 
valued function and that none of the curves, such as the 
above, represents the true state of affairs. 

The most plausible explanations advanced for these 
rough curves ascribe them to the presence of harmonics 
in the flux wave of the machine. As an example of 
this, consider a machine which has a prominent seventh 
harmonic in its flux wave. This harmonic, if due to the 
stator winding, will be revolving in the same direction 
as the fundamental and at one-seventh of the funda¬ 
mental speed in a three-phase motor. It is then illu¬ 
minating to consider that the motor is really a com¬ 
posite of two motors which tend to run at full speed and 



Pig. 2—The Speed-Torque Curve showing Subsynchro- 
nous “Hook” dub to Induction Motor Effect of a Harmonic 

at one-seventh speed respectively. This might be 
shown as in Fig. 4. 

This is a plausible explanation of some of the sub- 
synchronous speeds observed and without doubt the 
presence of harmonics will produce effects as shown in 
this figure. It will also serve to explain the roughness 
of the curves in the lower speeds because of the presence 
of higher harmonics. This effect will henceforth be 
called the "induction motor effect” of the harmonics. 
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From this point the development will be chronological 
as the calculations and experiments were made. 

The work started on a squirrel-cage induction motor 
wound for the three-phase four-pole operation. The 
rotor had 28 bars. The motor showed a tendency to 
develop zero torque at one-seventh speed. The con¬ 
clusion was therefore jumped at that this sub-syn¬ 
chronous speed was due to the “induction motor effect” 
of the seventh harmonic of the stator. Working with 



Fia. 3 —Speed-Torque Curve showing Roughness Usually 
Found in Lower Speeds due to Higher Harmonics 



Fig. 4—Showing the Induction Motor Effect of a 
Forward Rotating 7th Harmonic 

this in mind the reasonableness of this assumption was 
checked by making a mathematical check on the mag¬ 
nitude of the seventh harmonic in this particular motor 
by the use of Fourier’s methods. Since these methods 
are well known they will not be gone into here and 
results only will be stated. 

The stator in the present case had 24 slots. For 
three-phase and four poles this makes two slots per 
phase pa* pole. Now for a full pitch winding of one 
slot per pole per phase the relative magnitudes of the 


fundamental and seventh harmonic magnetomotive- 
forces in the stator are: 

fundamental 7th harmonic 

1 J - 0.143 

The relative magnitudes for two slots per phase per 
pole are: 

fundamental 7th harmonic 

1 0.038 

In addition the coils had been short spanned one slot 
and the two sides of a coil were 150 electrical degrees 
apart so that the relative magnitudes as they actually 
existed in the stator m. m. f. were 

fundamental 7th harmonic 

1 0.010 

As the result of this calculation it did not seem reason- 



Fig. 5 —N Current Vectors in Rotor Rods 

able to “assume” that a seventh harmonic of 1/100 the 
magnitude of the fundamental and revolving at 1/7 
the speed of the fundamental could produce enough 
torque by the induction motor effect to overcome the 
torque of the fundamental at 1/7 speed. 

Attention was then turned to the math ema t i c a l 
analysis of the rotor harmonics and after some false 
starts the magnitude, order, and speed of the harmonics 
originating in the rotor were worked out. The analysis 
follows. 

Rotor Harmonics 

Consider a squirrel-cage rotor of N bars being ener¬ 
gized by a sinusoidal rotating field of p poles. The 

currents in the rods will then be radians apart and 

the vector diagram of currents would be as shown in 
Fig. 5, in which Jj, 1%, and 1% designate the currents 
in rods numbered 1, 2, and 3 respectively. For the 
purpose of analysis let the system of rods be replaced 
by N single-turn coils spanning 1 rotor slot pitch. Let 
the currents in the coils be ii, u, and is respectively 
(see Fig. 6). For the vector relations see Fig. 7. 

It can then be seen that the actual m+/w nf \r 
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carrying currents of I magnitude 


p r 

~N~ 


radians apart 


the high portion will be —— i and the low portion 


may be replaced by a rotor of N single-turn coils carry- 

. P 7T 

mg currents of magnitude i and —radians apart 
provided. 


I 


2tsin 


p T 

2AT 


It is now necessary to determine the m. m. f. waves 



- i- The space wave-shape shown in Fig. 8 can 

be expressed as a trigonometric series, 

H = — bo+bi cos d+b 2 cos 2 6+.. .b m cosm 6+ .. 

in which &o is obviously zero since the positive areas in 
Fig. 8 equal the negative areas, m is any positive 
integer. From the method of Fourier 



Fig. 6—Showing Rotor Rods Replaced by Coils 

2 T 

set up by this system of N coils separated by — jj — 

radians in space and carrying currents —^— radians 
apart in time phase. 

First the m. m. f. set up by one such coil will be found. 



Fig. 7—Showing Rod Currents Replaced, by Coil 
Currents 

It m Li — Li l 2 Li —. L z etc. 

The form of the m. m. f. wave set up by one such coil 
due to an instantaneous current i is shown in Fig. 8. 

The m. m. f. due to i will be divided between the two 
portions of the magnetic circuit in the ratio 

2 v 

N ' 1 

“ N-1 
N 



Fig. 8—M. M. F. Distribution due to Currents in One 
Rotor Coil 


whence 




i cos m 6 ) d 0 


)- 


2 i . m tt 

-sin— rr~ 

m 7r N 


If the m. m; f. of coil number 1 be referred to as 
in whichJ;he current i is the instantaneous value of ii 
i = V2 i\ cos a> t (here i\ is the magnitude only) 

Hi == 2 b m cos m 6 



2 V 2 i\ . m tt 

m tt sm ~N~ • cos m e • cos w t 

2 V2 ii . m 7r r 1 
mir sm Iv" L — cos (m 0- «{) 


+ ~ 2 ~ cos (m 6 + co t) J 

Thus each coil produces backward and forward 
moving waves since expressions of the type 
cos (md— (at) 

represent traveling waves of 2 m poles. 
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Waves of the type cos (to 6 — co f) will be called 
forward rotating and of the type cos (to 0 + « t) will 
be called backward rotating. In like manner the 
m. m. f. wave of the second and succeeding coils will 

/ 2 IT 

be, ( remembering that coils are separated by —^— 


and carry currents • 


2 V 2 is . to 

Hi =-sm -5 

me 1 


^ apart): 

Tf 1 / 

- I —g - cos ym 6 — ut 


In like manner the backward rotating m. m. fs. form 
pencils, whose adjacent fields are separated by 


2 t m 
N 


+ 


P IT 

~W 


Radians 


and in like manner, after the superposition, all those 
backward rotating fields vanish except those for which 
2m = 2KN — p (B) 

The magnitude of the rotor harmonic of the 2 to poles 
is 

/ 2 V2 i . m tt r 1 

H m = N[ — sin -jj- L-g- cos (m 0 - ut) 


+ 


2 7 r 
~N 


m 


p T \ 1 / 

- -j-j~ J + -g- COS ^ TO 6 + cat 


2 1 r p tt 

+ —m + 


N 


N 


and 

2 V2 is . m ir 

Hi =-sm -r=- 

mr N 


m 6 — cat 


4 7 r 


+-»r m - n 


[t~0 

2 p ir\ 1 / . 

yd - 2 cos I w 6 -f" co t 


4 tt 2 

+ !T m + “ 


iv 


/ 2 TT m p 7T \ 

V ]v ~ "TT / =2 ”* _|Mr 


+ | c °s(m 0 d- W o]) 


(C) 


\ ~1 since only those fields appear in the result which are 
/ J in phase in the N components. 


F)] 


The resultant field is obtained by superposing 
m. m. fs. Hi to ff N inclusive. Thus the rotating field 
of 2 to poles consists of N superimposed fields of equal 
magnitude since 

i\ = I2 — i% — . • • ^ in 

For forward rotating fields these N superimposed 
fields of equal magnitude are arrayed with a phase 
difference between adjacent fields of 

2 ttto pie 

—— — -jj- radians (see Fig. 9) 

The total angle for the N vector fields is. 

2 7T to 



Since m is always an integer and p (the number of 
inducing poles) is always an even number, the pencil of 
vectors is always spread through an integral number of 
complete revolutions and the sum is therefore zero— 
with one exception. 

That exception is the case when 

2 7TTO p t _ 

N ~ "AT = 2Kt 

where K is any positive or negative integer including 
zero. Hence forward rotating m. m. f. of 2 to poles 
are produced by the rotor if 

2m— p—2KN 

and 2m = 2 K N + p (A) 


Pig. 9—Showing the N Components op the to Field 

Synchronous Locking 

Returning now to the consideration of the 28-slot 
rotor, a table was made up showing the number of 
harmonic poles in both stator and rotor m. m. fs. In 
the above formulas, A and B, various values were 
substituted for p. These were the known fundamental 
and harmonic pole numbers of the stator m. m. f. 
In the present three-phase four-pole case, p may be 
4,20,28,4^L 52, etc., for the fundamental fifth, seventh, 
eleventh, andthirteenth harmonies respectively. Then 
upon substituting various values for K, the various 
rotor harmonic\pole numbers were found. These are 

shown in Table i. 

\ 

TABLE X 


28 SPOT ROTOR HARMONICS 
\ Stator Poles P 


4 


20 

_A“ 1 

44 

I 52 

I 68 

For. 

Back. 

For. 

Back. 

„ II 
For.' 

1 

iBack. 

( 

For. 

Back. 

For, 

Back. 

For. 

Back. 

4 

52 

20 

36 

28 

\28 

44 

12 

52 

4 

68 

44 

60 

108 

76 

92 

84 

•84 

100 

68 

108 

60 

124 

100 

116 

164 

132 

148 

140 

1:40 

156 

114 

164 

116 

180 

156 






—V 





12 
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Soon after the above table was made up it was noticed 
that the four-pole stator field acting upon the 28-slot 
rotor produces a 52-pole backward rotating rotor 
harmonic (the 13th). There is also present in the stator 
a forward rotating 13th harmonic of the 52 poles. The 
question naturally arose as to how do these indepen¬ 
dently produced 52-pole fields react upon each other. 

It was only a step to regard the 52-pole rotor field as 
the revolving field of a synchronous machine getting its 
excitation from the stator fundamental flux instead of 
from a d-c. source. 

The next natural step was to find at what rotor speed 


C S - n ) 

— + » = speed of 52-pole rotor harmonic 

relative to the stator 

If the speeds of the two 52-pole fields are now set equal 
to each other 

(S — n) 

13 13 + n 

n 1 
S = ~ 



Fig. 10—Showing the Constant Speed-Torque Curve 
due to Synchronous Motor Effect 

these 52-pole fields had zero relative speed, that is, at 
what rotor speed are the two 52-pole fields locked 
together. Equation (C) above shows that the 2 m- 

pole field revolves at an angular velocity ——- relative 

m 

to the rotor. Where 

oj = 2 7r (rotor frequency) 

Now m will be positive or negative according as 

the 2 m field is rotating forward or backward relative 
to the rotor. 

Now to find the rotor speed at which the 52-pole 
fields will lock, the procedure is as follows: 

Let S = synchronous speed of stator 4-pole funda¬ 
mental flux relative to the stator 
n = speed of rotor relative to the stator 

g 

Then 13 = s P ee< ^ 52-pole stator harmonic relative 
to the stator 

And S — n = speed of fundamental stator flux relative 
to the rotor 

Also S — n = speed of fundamental rotor flux relative 
to the rotor 

S — n 

~ 13 = speed of 52-pole rotor harmonic relative 


The two thirteenth harmonics lock at -y speed which is 

the observed sub-synchronous speed with the 28-slot 4-pole 
rotor. If this effect accounted for the observed per¬ 
formance of this motor is would differ from previously 
published explanations of sub-synchronism in being a 
“synchronous motor effect” superimposed upon the 
induction motor of normal operation. This synchro¬ 
nous motor effect suffered a setback at this point because 
experimental speed-torque curves available (such as 
those of Stiehl) showed the induction motor effect as 
in Fig. 4. 

It was therefore decided to take the speed-torque 
curve of the motor carefully on a dynamometer. The 
speed was read with a tachometer accurate within 
probably 5 rev. per min. The speed torque was as 
shown in Fig. 10. 



Fig. 11—Showing Actual Test Points at Constant Speed 
due to Synchronous Motor Effect 

Within the limits of accuracy of the tachometer 
there was a synchronous motor effect evidenced here. 
Some representative points in the neighborhood of 
1 

y speed (257 rev. per min.) are shown in Fig. 11 . It 

appeared to be possible to vary the torque by 82 per cent 
at 257 rev. per min. without changing the speed. 

To make certain, the motor shaft was fitted with a 
stroboscopic disk with seven marks spaced at equal 
distances about the circumference. This was viewed 
through another disk with a slit in it revolving so as 
to give 1800 exposures per minute. See Fig. 12. 

With the stroboscope the flat portion of the speed- 


to the rotor 
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torque curve was observed to be absolutely flat. The 
motor was running as a synchronous motor superim¬ 
posed on an induction motor. The only effect on the 
stationary image of the seven-point disk as the load was 
varied was that a slight shift in the coupling angle was 
observed, as in a pure synchronous motor. As the 
torque approached points A or B in Fig. 10, the rotor 
would show'hunting and would vibrate erratically and 
then drop out of step. The proof of the existence of 
synchronous motor effect was definitely established 
thereby. 

At this point some definite experimental proof of 
the locking of the 13th harmonics was sought and a 
check-up on the mathematical work showed that not 
only were the 13 harmonics locking but a whole infinite 

series o/ harmonics was locking at — speed. 

This is shown as follows. In formulas A and B 
where 

2m~2KN+p' (A) 

and 2 m = 2 K N — p (B) 

negative values of m have been inadmissible. A little 
study will reveal that the expression 
2m = 2K N + p 

will cover both Equations (A) and (B) if it be further 



Fig. 12—Stroboscope Set-Up for Checking the Constancy 
of Speed in the Synchronous Motor Effect 


2 m = ± Cip 

d= Ci p = 2 KN + ep 


± Ci —C = 


2i£ JV 
V 


(D) 


If any pair of harmonics of the stator can satisfy 
Equation (D) there will be stator and rotor harmonics 
of the same number of poles. Another condition is 
necessary for the synchronous motor effect; the relative 
speeds of the stator and rotor equi-polar fields must be 
zero. 



= speed of C relative to stator 


-q- — n = speed of C relative to rotor 

Now 2m -2 KN + Cp 

Speed of 2 m relative to rotor is 


(-?- 

n) Ci> l 

' s 

\ Cp 

\ c 

/2m \ 

. c 

n / 2KN+ Cp 

The speed of Ci relative to 

s 

the rotor = n - 

VI 

Equating these speeds 



S 

/ s 

-n) 

i Cp 

Cl 

-* = [ — ■ 

2 KN + cCp 

s 

( S 

-n) 

Cp 

Cl 

- n ~\ c ' 

± Cip 


( 12 ) 


S S-nC 

— n = 


Ci 


± Ci 


stipulated that negative values of m denote negative 
rotation. It is necessary, however, that this new con¬ 
vention should satisfy Equation (C). We see tha t 

• 1 Ytb 7 r 

Equation (C) is satisfied since sin is not 

changed by a change in the sign of m. The only 
change is in the direction of rotation as shown in 
1 

~2 cos (m 6 — o) t). 

Proof of Existence of Infinite Number of Locking 
Harmonics 

Let C be the stator harmonic which is acting on the ■ 
rotor. 

If C is negative it denotes negative rotation. 

Now 2m = 2KN + cp 

If Ci is any other stator harmonic with which 2 m 
locks then 


Using (+) signs - n = - n—pr 

Whence C = Ci. This gives the ordinary induction 
motor effect. 

Using (-) signs 2= n ( + 1) 

n 2 

T " c+cT (E) 

This gives the synchronous motor effect and we use 
only (—) sign of D. 

O IT AT 

Therefore C + Ci = --—- (F) 

If the stator harmonic numbers satisfy (F) there 

2 

will be a synchronous motor effect at ~ p r v~n speed. 

V T Ol 

There will be as many synchronous motor effects at 
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2 

c Cl speed as there are pairs of values for C and Ci 

which will satisfy (F). The number is infinite. As an 
example, take the 28 slot case considered here. The 
pair of values already considered were 
C = 1 and Ci = 13 

Other pairs are 

C 13 19 25 31 37 

Ci 1 -5 -11 -17 -23 etc ‘ 

We thus see that there is an infinite series, of locking 
pole numbers. The members of this series are 

4 poles 
20 poles 
44 poles 
56 poles 
68 poles, 
etc. 

and they all lock synchronously at ~ speed. 

The discovery of the existence of an infinite series of 
synchronously locking harmonics caused a change in 
the point of view. Instead of regarding the operation 
at the sub-synchronous speed as that of a synchronous 
motor superimposed on the normal induction motor 
it is now necessary to consider the effect as due to an 
infinite series of synchronous motors superimposed 
upon the normal induction motor, all of these motors 
having the same synchronous speed. Some conception 
of what is going on may be obtained by imagining an 
induction motor and an infinite number of synchronous 
motors connected to the same shaft. 

All experiments conducted up to this point had been . 
with the use of a skewed rotor. Various rotors with 
different skews were then tried and it was found that 
the length of the synchronous portion of the speed- 
torque curves was very sensitive to skew, (see A — B, 
Fig. 10). With a reduction in skew the length A — B 
increased until the point A crossed to the negative 
torque side of the speed axis. Under this condition 
the motor, when started under its own power, would 

not come up to full speed but would run at y- speed 

when started. 

It was therefore decided that a rotor built in such 
a way that the skew could be varied should definitely 
establish whether or not the synchronous motor effect 
was due to one pair of harmonics or to a plurality of 
pairs. This can be shown by a little consideration of 
the nature of skewing. 

Effect of Skew 

If a rotor were skewed through two complete pole 
pitches there would be no voltage generated in the rod 
and as a consequence the rotor would act as though it 
had no winding for that particular pole pitch. 


In an analogous manner it is possible to “skew out” 
any particular harmonic by the single expedient of 
skewing the rotor rod through two (or any multiple of 
two) poles of that harmonic. The word “analogous” 
is used advisedly because it is at this point where 
another difference between induction motor effect and 
synchronous motor effect is shown. 

Suppose, for example, that the rotor were skewed to 
skew out the 13th harmonic. The skew would be 
through two poles of the 52-pole field. This amounts to 
2/52 of the periphery of the rotor. Now with the rotor 
so skewed the rotor is inactive to the 13th harmonic of 
the stator and all rotor harmonics of which the 13th 



UNITS OF SKEW 

Fig. 13 —Showing the Effect of Skew on the Torque 
Length of the Constant-Speed Line 

(Note. Accuracy of ordinates npt greater than 0.5 ft. lb. Accuracy 
of units of skew within 2 units) 

of the stator is the parent, (<7) will not appear. But 
the rotor still has a 13th harmonic of which the stator 
fundamental is the parent, (see Table I). So there 
still exists a 13th stator harmonic rotating forward and 
the 13th rotor harmonic rotating backward in reference 
to the rotor. Now, however, the 13th harmonic of the 
rotor is skewed through a double pole pitch. It is just 
the same as if a salient pole synchronous machine had 
the salient poles skewed through a double pole pitch. 
It is obvious that under this condition no torque can be 
exerted between the two fields; they cannot lock. 

• So with the rotor with variable skew it was only 
necessary to plot the length of the synchronous portion 
A — B of the speed-torque against skew. If the syn¬ 
chronous motor effect were due to only one pair of 
harmonics the length of A — B must go to zero when 
that particular harmonic was skewed out. The results 
of this experiment are shown in Fig. 13. 

The result in Fig. 13 shows that no single harmonic is 
causing the synchronous torque. The minimum length 
for A — B occurs between the points where the 11th and 
7 th harmonics are skewed out. There is indeed 
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qualitative proof here that there are several synchronous 
motor effects overlaid. This is shown as follows. 

Consider the theoretical effect of skew on each har¬ 
monic. As the skew is varied the length of that portion 
of A — B due to a particular harmonic should vary as an 
attenuated sine wave. If such waves are superimposed 
as in Fig. 14, it is seen that thecompositecurvemaylook 
very much like the actual curve in Fig. 13. The 7th 
harmonic is neglected because of its low magnitude. 



Fig. 14—Possible Explanation op Fig. 13 Involving Super¬ 
imposed Synchronous Motor Eppects 
Equations for ordinates are of forms: 
g ot 

A ~ 3 * a sil) where 0 - a constant and a = angle of skew 


The above formula gives the number of rotor bars per 
pole to be avoided to eliminate the synchronous motor 
effect. In this formula L and K are any integers. A 
few values are given in Tables II and III. 


VALUES OF WHICH GIVE SYNCHRONOUS MOTOR 

EFFECTS 



TABLE II 

L 


TABLE III 

L 



1 2 3 4 5 


-1 -2 -3 -4 -5 


-1 

4 7 10 13 16 ' 

1 

2 5 8 11 14 


-2 

2 3Vs 5 6 1 /! 8 

N 2 

1 2V2 4 5 V 2 7 ] 

N 

K- 3 

l l /a 2Vs 3 l /s 4 l /a 5>/a 

— KZ 

2 / 3 l 2 A 2 2 / 8 3 2 / 3 4 2 / a 


-4 

-5 

1 l 5 /« 2Vs 3Va 4 

ValVa 2 2 J /s 3 l /a 

P 4 

5 

V 2 IV 42 2 3 /4 3V2 

*/» 1 1 3 /b 2 1 /b 2 4 / 6 J 

P 


When a sub-synchronous speed occurs it takes place 
at a speed 


_n p 

S = ~ KN 

Thus in Tables II and III, all those values of 

in Table II give synchronous motor effects at positive 
speeds and those values in Table III give synchronous 
motor effects at negative speeds. 

N 

Corresponding tables of ~p~ for two-phase motors 

are obtained from a formula similar to G. For two- 
phase the 3 L in that formula is changed to 2 L 

JV 2L + 1 
P K 


Designing to Avoid Synchronous Motor Effects 
It remains to predict the synchronous motor effect 
for other motors. It may be predicted from Equation 
(F). 


C + Ci = — 

Now in a three-phase motor 


2 KJl 
P 


C = 6 A + 1 

where h is any integer and negative values of C denote 
negative rotation as before. Also 


Ci — 6 hi -f-1 


The tables of -p- are Tables IV and V: 


TABLE IV 
L 


TABLE V 
L 



1 

2 

3 

4 

5 


-1 

3 

5 

7 

9 

11 ] 


-2 

l 1 / 2 

2V2 

3*/a 

4 l /2 

S l /2 

N 

K —3 

1 

l 2 /3 

2*/a 

3 

3 s /a 

— 

-4 

3 /4 

1V4 

l 3 /4 

2V< 

2*/4 

P 

-5 

3 /s 

1 

1 2 A 

i 4 /a 

2 l /a J 



-1-2-3 -4 -5 


3 5 7 9 

V 2 IV 2 2 V 2 3V2 4V2 
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It is seen that in the case of the two-phase motor 
most synchronous motor effects occur at the same posi¬ 
tive and negative speeds. 


and C + Ci = 6 (h + hi)- + 2 = - —— 

P 


Replacing h + hi by L, any integer, and dividing by 2 


3L + 1 


KN 

P 


and 


N_ 3L.+ 1 

v K 


(G) 
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Discussion 

W. V. Lyons: We are indebted to Professor Dreese for calling 
our attention to this interesting and little known point in the 
theory of induction motors. I agree entirely with his explanation 
of the results he observed experimentally. When we apply 
harmonic analysis to an induction motor we find that there is a 
multiplicity of flux distributions flitting to and fro in the air-gap 
due both to the stator and to the rotor currents. When the 
conditions are such that any two of these flux distributions of the 
same number of poles, one due to the stator and the other due to 
the rotor currents, are traveling at the same speed and in the same 
direction, these distributions will develop either forward or 
backward torque depending upon their relative position in the 
air-gap but not upon their direction of motion. This torque may 
be classed either as induction torque or as synchronous torque 
depending upon how the rotor component of flux is produced. 
Remember that only stator and rotor fluxes having the same 
number of poles can react to give a steady torque. If the rotor 
flux is produced by a rotor current that is induced by a stator 
flux of the same number of poles the torque is classed as induction. 
If, however, the rotor flux is produced by a rotor current that is 
induced by a stator flux of a different number of poles the torque 
is classed as synchronous. In the former case the two com¬ 
ponent fields always travel at the same speed regardless of the 
speed of the rotor. This is the characteristic of the torque 
developed by an induction motor. In the latter ease, however, 
the two component fields travel at the same speed and thus 
develop a steady torque o.nly at some particular rotor speed. 
This is the characteristic of the torque developed by a synchro¬ 
nous machine. For example if a seventh harmonic in the stator 
flux induces a current in the rotor which produces a corresponding 
seventh harmonic rotor flux, these two component fluxes will 
react to give an induction torque as shown in Fig. 4. On the 
other hand if, for example, the fundamental stator flux induces a 
current in the rotor which produces a thirteenth harmonic in the 
rotor flux this will react with the thirteenth harmonic in the 
stator flux distribution at one particular speed, viz-, one-seventh 
of synchronism, and produce synchronous torque. 

It seems to me that the impression has been created that the 
seventh harmonic induction torque is much smaller than it really 
is. The value of 0.01 for the seventh harmonic does not show the 
true condition. Let us assume that this seventh harmonic is 1 
per cent of the fundamental when there is no reaction due to the 
rotor, viz ., at no load. Now at one-seventh of synchronous 
speed the reaction of the rotor currents is to reduce the funda¬ 
mental flux to about one-half of its no-load value but to reduce 
the seventh harmonic not at all. The stator current at this time 
is about 15 times its no load value so that the seventh harmonic 
flux is about 15 per cent of the no load fundamental flux or about 
30 per cent of the fundamental flux at one-seventh of synchronous 
speed. It should also be noted that the seventh harmonic 
speed-torque curve is not like that of a motor having a const an t 
applied primary potential. In the neighborhood of one-seventh 
of synchronous speed this torque is like that developed by an 
induction motor in which the stator current is maintained 
constant. 

P. H. Trickey and C. R. Boothby: This paper has been of 
special interest to us as we have been studying the effect of the 
field form on the speed-torque curve of induction motors for some 
time. The induction motor effect has taken most of the first 
part of the study as the number of rotor slots does not have so 
much effect and the rotors which were available could be used 
for the tests on all the harmonics. 

The special case of the 24 slot stator and the 28 slot rotor 
happened to occur in some experimental work and the syn¬ 
chronous effect was present exactly as Mr. Dreese has shown. 

In the unfortunate motor which we built the inner end of the 
cusp was negative and the outer end was 125 per cent of maxi¬ 
mum torque. After determining that the effect was actually 


synchronous our first conclusions were that the 28 teeth of the 
rotor locked in with the 28 poles of the seventh harmonic in the 
same manner that an unexcited synchronous motor locks in. As 
Mr. Dreese has shown, the magnitude of the seventh harmonic in 
the three phase, two slots per pole, full pitch winding, such as we 
had, is only 3.82 per cent. It seemed impossible that this small 
value of flux could cause such a great value of torque. We then 
wound the primary with 5/6 chording which has only a 1.03 per 
cent seventh harmonic. Still the same synchronous action 
occurred. The tests were not accurate enough to determine 
whether or not the magnitude was less, at least, there was not 
any great difference. 

The motor which we used was skewed one rotor slot. We 
then built a rotor which was skewed about one and three-quarters 
rotor slots. This reduced the length of the cusp only about 
25 per cent. 

We believe that Mr. Dreese has made a very valuable contribu¬ 
tion in discovering and so clearly explaining this synchronous 
motor effect. 

C. J. Koch: In the paper a phenomenon is described which 
to my knowledge has never appeared in Institute publications. 
It is therefore not out of place to make a few comments at this 
time in regard to a convenient terminology for this phenomenon. 
When an induction motor has a dip in its speed torque curve at 
some particular speed it may be said to have a tendency to crawl 
at that speed. If the dip reduces the torque to a sufficiently 
low value the motor will fail to attain full speed and therefore 
actually does crawl at a subsynchronous speed. If the tendency 
to crawl is due to the induction motor action of the rotoz’ bars 
acted upon by either the stator tooth harmonics or phase belt 
harmonics the motor may be said to have a tendency to crawl 
asynchronously. If however the crawling tendency is due to the 
locking together of harmonic fields, the motor has a tendency to 
crawl synchronously. We therefore distinguish between “asyn¬ 
chronous crawling” and “synchronous crawling.” These terms 
are offered simply because they have been used for some time by 
my associates and have proved adequate in speaking of these 
phenomena. 

The question has been asked in the past whether some com¬ 
mercial use cannot be made of this phenomenon. Thus by 
exaggerating the synchronous crawling tendency motors could be 
made to run synchronously at low speeds with comparatively few 
poles and few slots. Very often the trouble is to get the motor 
synchronized. Slightly above or slightly below the cra wlin g 
speed the motor torque is pulsating but the average torque is still 
positive due to the fundamental induction motor torque which is 
trying to accelerate the motor to full speed. Whether or not it 
synchronizes and crawls is partly a matter of chance and depends 
on the actual angular position of the locking fields at the instant 
the motor passes through the crawling speed. The inertia to be 
accelerated has of course an important influence. Very small 
single-phase motors have been made on this principle, however. 
Thus a shaded pole single-phase motor having two salient poles 
and six bars in the rotor is made to actually run synchronously 
at 1200 rev. per min. rather than asynchronously at 3600 rev. 
per min. as might be expected. 

I should like to ask one question. Some years ago Mr. Alger 
studied this phenomenon from the point of view of permeance 
waves and concluded that whenever the difference between the 
numbers of stator slots and rotor slots was a multiple of the 
number of poles harmonic fields would be produced which would 
lock at some particular speed of the rotor. This speed would be 

Poles 

equal to times synchronous speed and would be at 

either a forward or a backward speed depending on whether the 
motor was three phase or two phase and had more or less slots 
in the rotor than in the stator. These results agree with the 
present paper with the following exception. If the difference in 
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slots equaled the number of poles times the number of phases the 
revolving harmonic fields locked when the rotor was at standstill. 
The commonly known tendency of some motors to tend to lock at 
standstill appeared to be one and the same phenomenon with 
synchronous crawling occurring only at a different speed, I 
should like to ask Mr. Dreese if in his studies he has been led to 
believe that the tendency to lock at standstill is the same sort of 
phenomenon as the synchronous crawling tendency. 

L. V. Bewley: I should like to ask if it is not true that the 
English engineer, Chapman, many years ago wrote a very com¬ 
plete series of papers on the induction motor? 

R. E. Hellmund: The fact which Mr. Dreese has established 
rather definitely, that we may meet with some synchronous 
motor effects in induction motors in addition to the various 
induction motor effects, makes an already difficult problem even 
more complex. Like most induction motor designers, I have 
previously met* with the troublesome problem of cusps in speed- 
torque curves and as a result have given the subject a good deal 
of study. I have found that whenever the cusps are likely to be 
caused by induction motors effects, a great many possibilities 
exist for avoiding them. This is because an induction motor 
effect is impossible without a secondary current flowing in one 
of the members regardless of whether the superimposed fields are 
caused by the stator or by the rotor. This fact offers possibilities 
of various kinds, such as proper ehording, various connections 
in the stator, proper pitch of rotor bars, etc., for making the 
flowing of any secondary currents, and therefore induction 
motor torques, impossible. With the synchronous locking 
effects described in this paper, some of these methods of attack 
are, however, impossible because synchronous locking is quite 
possible without the flowing of any secondary currents. 

It is therefore evident that with the great many possible 
causes of both induction and synchronous torques, the number 
of different synchronous speeds, the necessity for designing 
motors for quiet operation, and the economical urge for covering 
various motor designs with as few slot combinations as possible, 
the designer’s task is not a particularly easy one. However, 
there is a possibility of making a virtue out of a difficulty by 
purposely designing for subsynchronous speeds in certain small 
motor applications. This offers a means for designing slow-speed 
motors for such applications as synchronous clocks with a small 
number of poles and therefore a corresponding reduction in costs. 

E. E. Dreese: I am glad to say that it is a great source of 
satisfaction to. have the paper received with so much interest and 
comment. 

. T]le first of Professor Lyons’ remarks, as I gathered it, 
simply says in different language, the things that I tried to say in 
the paper although perhaps he says them better. The latter 
part of it has to do with the magnitude of the seventh harmonic 
that occurs in this motor. I show that the magnitude of the 
seventh harmonic of stator m. m. f. is about one per cent of the 
fundamental. He challenges that by saying that the magnitude 
of the torque coming from that seventh harmonic is more than 
one per cent and I agree but, if you will read the paper carefully, 

I think you will see that I simply used that one per cent to base 
my judgment on the fact that the seventh harmonic was not at 


fault. One per cent of magnetomotive force is correct. Twenty 
per cent of flux at that particular speed is also correct. The 
question of synchronous crawling at zero speed was brought up by 
Mr. Koch. He asks the question whether my study of this has 
revealed anything on synchronous crawling or locking at zero 
speed. In answer to that I can say that synchronous crawling at 
zero speed is not due to the synchronous motor effect described in 
this paper. 

A considerable amount of water has flowed under the bridge 
since this paper was written a year ago. There are effects 
additional to those described in this paper such as the effect of 
revolving harmonic permeances. This effect acts much like the 
synchronous motor effect in its influence on the speed-torque 
curve and it might be called “reaction motor effect” duo to the 
actual slotted structure of the iron, in which the revolving per¬ 
meance features are brought out. There is every indication 
that it can explain the crawling at zero speed. 

There is one important difference, I believe, between the 
synchronous motor effect and the reaction motor effect. The 
synchronous motor effect cannot be skewed out. I believe the 
reaction motor effect due revolving permeances can bo skewed 
out. 

I shouldn’t close the discussion on this point without acknowl¬ 
edging the work of Mr. Gabriel Kron on this subject. He has 
gone considerably into this question and I think he has a paper 
now pending before the Institute which covers other causes for 
these cusps and hooks in induction motor curves and covers it 
more generally and more comprehensively than does the present 
paper. 

The question has been asked as to whether or not some work 
done by Mr. Chapman in England a number of years ago did not 
predict this’ same thing. The work done by him had to do with 
the analysis of the harmonic waves due to the stator which is old 
to all of us.. He went further, however, and analyzed the har¬ 
monics originating in the rotor. I discovered the paper after I 
had finished my analysis of rotor harmonics and I was glad to see 
that my results agreed with his. Mr. Chapman’s work, however, 
did not at any time predict the thing we have described in the 
paper today. I have searched in vain to see any hint of it. Mr. 
Chapman does say there is such a thing as crawling duo to har¬ 
monics but I do not believe the actual mechanism has been 
explained. 

In this connection, you may be familiar with some experimental 
work done by Mr. Stiehl a few years ago, showing some very er¬ 
ratic speed-torque curves for induction motors. One of Stiehl’s 
motors was a 24-slot stator, 28-slot rotor combination such as 
used in this paper. His curves did not show the synchronous 
motor effect but an induction motor effect instead, and it worried 
me for some time until I went into detail and found out he had 
got his curves on an inertia transient dynamometer and if the 
motor should go through the subsynchronous speed continuously 
his device would not have shown the synchronous locking. So, 
if any of you ever have recourse to that article of Stiehl’s in which 
he describes these phenomena, you should bear in mind, that he 
was using a transient dynamometer which does not show the 
synchronous motor effect because of its limitations. 
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: Synopsis.—This paper develops in as simple a manner as 
possible the necessity for the concept of “differential leakage ” where 
transformer action takes place between two unequally distributed 
windings and explains the character of differential leakage. The 
value to be used for the transformer ratio in the case of such un¬ 
equally distributed windings is also given. All considerations 


are based on the conventional stepped-wave field forms , and the 
mathematics used involve only the simplest linear equations. While 
the paper is mainly intended to be expository in nature, a general 
indication is given at the end as to how differential leakage and 
transformer ratios can be calculated for both single-phase and 
polyphase arrangements. 


Introduction 

I N many a-c. motors in which transformer actions 
take place between two windings, certain problems 
arise in determining the proper transformer ratio 
for the two windings due to the fact that, for various, 
reasons, the two windings are not distributed or ar¬ 
ranged alike over the circumference. Furthermore, it 
is found expedient in such cases to introduce the con¬ 
cept of “differential leakage” in order to make the 
motors and their transformer actions subject to the 
ordinary analysis and calculating methods used for 
transformers. 

Although Adams 3 called attention to the existence of 
differential leakage under the name of “belt leakage” as 
early as 1904, the nature of this phenomenon seems to 
be very little understood even today. This may 
be partly attributed to the fact that very little has been 
published on this subject in the technical press of this 
country. In Europe the subject matter has received a 
good deal of attention, as can be seen from the accom¬ 
panying bibliography. However, many of the papers 
given there are difficult to follow, requiring considerable 
mathematical skill involving harmonic analysis and 
manipulation of Fourier’s Series. Other methods as 
given by one of the authors of this paper show graphical 
solutions of the problem and are well adapted for 
deriving practical results for work with polyphase 
motors, but they are less suitable for demonstrating 
and explaining the fundamental nature of the phenom¬ 
ena involved. 

Considerable confusion has also been caused by the 
fact that quite a variety of names has been applied to 
the same phenomenon. Adams calls it "belt leakage;” 
Hellmund and Krondl, “differential leakage;” Rogowski 
and Simons, "doubly-interlinked leakage;” Sumec, 
“unequally-interlinked leakage;” and Baffrey, “voltage 
of the higher harmonics.” Further complication has 
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arisen because, with some methods, it is more con¬ 
venient to derive the combination of differential leak¬ 
age and what is known as “zigzag” or “tooth-top 
leakage,” and as a result differential leakage has some¬ 
times been referred to as part of the zigzag or the tooth- 
top leakage, and the like. In view of this situation, this 
paper is offered principally as a contribution to clarify 
certain points regarding the transformer ratios for 
distributed windings, to set forth and explain the con¬ 
cept of differential leakage, to demonstrate the need for 
this concept in certain cases, and to show how it is 
comparable to other forms of leakage. The considera¬ 
tions used are based on the conventional stepped-wave, 
representing field forms with which every electrical 
student is familiar, and although it has not been found 
possible to avoid mathematics entirely, that used is 
of the simplest kind, involving nothing but a few simple 
equations with one or two unknown quantities. No 
attempt has been made to deduce complete new calcu¬ 
lating methods or to add another long set of formulas 
to an already long set of existing ones. Incidentally, 
the outline given shows how the transformer ratio and 
differential leakage of a single-phase motor can be com¬ 
puted, but the paper is intended mainly to be exposi¬ 
tory in nature. 

Concentrated and Equally Distributed 
Windings 

Leading up to the case of unequally distributed wind¬ 
ings, brief reference may first be made to concentrated 
and equally distributed windings. The simplest exam¬ 
ple of concentrated windings magnetically coupled is 
that found in transformers. In this case there is always 
some flux which links only one winding in addition to 
the flux common to both windings. The former flux 
is called “leakage flux” and it is very easy to obtain a 
correct physical concept of it. Moreover, in such a 
case, the transformer ratio is simply the ratio of turns. 
The various relations are generally well known. By 
using the leakage coefficient, as described and defined 
in Appendix I, and the ordinary conception of trans¬ 
former ratio, it is possible to calculate the voltages or 
currents in either winding regardless of which of the 
windings is used as the primary, and it is also easy to 
determine the various relations between currents and 
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voltages when the secondary is open or when it is 
short-circuited. 

The relations are equally simple if the two windings 
are distributed either evenly or unevenly over the cir¬ 
cumference of a motor, as long as the distribution and 
general arrangement is the same in both windings, as 
shown, for example, in Fig. 1. Here again, the trans¬ 
former ratio is simply the ratio of the number of turns. 
It will be seen that in this figure there is always a wound 
secondary slot opposite a wound primary slot, and the 
ratio of turns is the same in all pairs of opposite slots. 



Fig. 1—Equally Distributed Windings 


that is, 2 to 1 in this particular case. It is also evident 
that the field set up will have the form shown in Fig. 
2 regardless of whether it is built up by the primary or 
by the secondary winding. Furthermore, let us neg¬ 
lect slot and coil-end leakages and the following rela¬ 
tions will apply: 

Open-circuit Condition, (a) Ratio of currents pro¬ 
ducing the same total flux. Since the winding S has 
half as inany turns as the winding P, and since the 
field form set up by both windings is the same, it is 
evident that it requires twice as much current in wind¬ 
ing S as it does in winding P to set up the same total 
flux. For any value of such flux, we have 

h 1 

~h T « 

where = current in winding P 

h = current in winding S 

(b) Ratio of open-circuit voltages—winding P 
excited. The voltage induced in the two windings is 
evidently proportional to the number of turns. There¬ 
fore, with winding P excited, we have 

II. o 

£7 ~ 2 ( 2 ) 

where E x = voltage impressed on winding P 
Et — voltage induced in win ding S 

(c) Ratio, of open-circuit voltages,—winding S 
excited. It is equally evident that, with winding S 
excited, we have 



where E 2 = voltage impressed on winding S 
Ei - voltage induced in winding P 
It is thus seen that, neglecting slot and coil-end 
leakages, the voltage ratio of the two windings, if either 
of the windings is excited, is the same as the ratio of the 

turns, and the current ratio is the reciprocal of this 
ratio. 

Short-circuit Condition. Furthermore, if we assume 


the secondary winding as short-circuited and having 
zero resistance and zero leakage reactance, the voltage 
induced in it must be zero. The currents in the two 
windings flow in opposite directions, and so the resultant 
field as a whole, as well as at all parts of the gap sur¬ 
face, is zero. The voltage induced in the primary 
winding, if the latter is without resistance or leakage 
reactance, is zero as well. (If the well-known slot 
leakages and coil-end leakages are not neglected, the 
usual relations, as set forth more in detail in Appendix 
I, obtain.) 

The above-mentioned obvious conditions existing in 
equally distributed windings have been recited princi¬ 
pally for the sake of comparison with conditions to be 
found later for unequally distributed windings, and also 
to show that, with concentrated or equally distributed 
windings, the ordinary ratio of turns is sufficient for 
all ordinary calculations, and that the concept of 
differential leakage in such cases is not needed since the 
phenomena coming under this name do not exist. 

Unequally Distributed Windings 

For the purpose of studying how these conditions 
change in the case of two unequally distributed windings, 
a very simple arrangement of this kind, as shown in 
Fig. 3, will be considered. To bring out more clearly 
the points to be made, it is assumed that the primary 
and secondary have the same number of slots and that 
such slots are opposite each other. This eliminates the 
possibility of any so-called zigzag or tooth-top leakage 
and thus avoids any complication which would be intro¬ 
duced by its existence. The ratio of turns is again as¬ 
sumed to be 2 to 1, but the distribution of the turns is 
different in the two windings, as shown in the figure. 

Open-circuit Conditions. With these assumptions 
for the unequally distributed windings, some of the 



Fig. 2 Field Form op Either Winding op Fig. 1 

same relations which were previously determined for 
the equally distributed windings will now be studied. 

(a) Ratio of currents producing the same total flux. 
In order to determine the ratio of the respective cur¬ 
rents which, when flowing in the two windings will 
produce the same total flux across the air-gap, a cur¬ 
rent (I), flowing in winding P only, may first be as¬ 
sumed. It will set up a field as represented by the area 
(abcdefgh) in Fig. 4, and the total flux will be pro¬ 
portional to this area. The magnetization factor K m 
defined as the ratio of the actual flux produced by the 
distributed winding to that which would be produced 
by the same total turns concentrated in the outermost 
slots, is 0.75 for this particular case (see Appendix II). 
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If we assume the same current flowing in winding S, a 
field proportional to the area (mnopqrst) in Fig. 5 
will be set up. The magnetization factor for this case 
found to be 0.625 (see Appendix II). 



Fig. 3—Unequally Distributed Windings 


were concentrated in the outermost slot, multiplied by 
the magnetization factor. The fluxes which would be 
produced if the windings were concentrated are pro¬ 
portional to the areas ( aklh ) and ( muvt ) respectively. 
If the fluxes set up by the two windings are to be equal, 
the following obtains: 

k m i X area (aklh) = k m2 X area (muvt) (4) 
It is further evident that the area (aklh) is pro- 
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Fig. 4—Field Form op Winding P, Fig. 3 
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Fig. 5—Field Form op Winding S , Fig. 3 
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Fig. . 7—Field Forms, P Excited, S Short-Circuited 



Fig. 8—Field Forms, S Excited, P Short-Circuited 

Prom the above definition of the magnetization 
factor, it follows that the total flux produced by a 
distributed winding is equal to the flux which would 
be produced if all the turns in the distributed winding 



Fig. 7a—Lines op Force for Conditions of Fig. 7 


portional to the total ampere-turns in winding P, and 
the area (muvt) to the total ampere-turns in winding 
S. Therefore, from Equation (4), 

kmi XhXTt- k „>2 X 1 2 X Tt 


11 km 2 Tj 

12 kmi Ti 


(5) 


if T i and T 2 are the numbers of turns in winding P and S 
respectively. 

In our particular case, we find 


Ii_ 0.625 X 4 1 

J 2 0.750 X 8 “ 0,417 ~ 2.4 


( 6 ) 


In other words, the ratio of the currents producing 



Fig. 8a—Lines op Force for Conditions op Fig. 8 


the same total air-gap flux is 1:2.4, while the ratio of 
the actual turns is 2 :1. 

(b) Ratio of open-circuit voltages,—winding P 
excited. The voltage induced in either winding is 
proportional to the total number of turns multiplied 
by the voltage factor k p , a factor which takes into ac¬ 
count both the distribution of the air-gap flux and the 
distribution of the turns in the winding. The ratio of 
voltages is, therefore, 

J5l _ gi x hi m 

Et’ ~ T 2 x k p i W 
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where k p i = voltage factor for winding P 
k P t = voltage factor for winding S 
with the field set up by winding P. 

As shown in Equations (65) and ( 66 ) of Appendix 
II, k p i and k pi ' are equal to 0.8333 and 0.75 respectively 
for this particular arrangement of coils, and so the 
ratio of voltages becomes 

E, 8 X 0.8333 

W 4X0.75 " 2 - 222 (8 > 


(c) Ratio of open-circuit voltages,—winding S' 
excited. In this case the voltage ratio is 

E 2 ~ Ti X kpi w 

where k p2 = voltage factor for winding S 
kpi = voltage factor for winding P 
with the field set up by winding S. 

Using the voltage factors found in Equations (67) 
and ( 68 ) of Appendix II, this ratio becomes 

Ei' 8 X 0.90 

“ i v ass - 2.11765 ( 10 ) 


Thus far, the following has been established: 

1. Ratio of total turns = 2.000 

2. Ratio of currents producing the 


hi~*8h ) 

fe 2 ~ 4 Ji I ( 11 ) 

h 2 4 JTj 
hi ~ 1J 2 J 

The resultant flux densities in the teeth a and d are 
proportional to 

D a — Dd (h 2 + hi) (4 Ji + 1 2 ) ( 12 ) 

and those in teeth b and c to 

Db = D c ~ (hi + hi) ~ (8 Zi -(- 4 I 2 ) (13) 

With uniform teeth, the fluxes in the teeth are pro¬ 
portional to the densities found above. The voltage 
induced by these fluxes in the secondary winding is 
proportional to 

1 (D a + D b + D e + D d ) + 3 (Db + Da) 

= Da + D d + 4 (Db + Da) 
or Ei ,2 (4 Ji + Ii) + 8 (8 Ji + 4 J 2 ) (14) 

but the value of secondary voltage must be zero, so 
therefore from (14) 

72/i + 34 J 2 = 0 (15) 

Calling K the current ratio, that is, —r~, it follows from 

i 1 

(15) that 

„ 72 

E = - — = - 2.11765 (16) 


same total field = 0.417 = ~~ 

2.4 

3. Ratio of voltages if the field is built 

up by currents in winding P only = 2.222 

4. Ratio of voltages is the field is built 

up by currents in winding S only = 2.11765 
It is obvious from this comparison that the calcula¬ 

tions just made give no definite indication regarding 

the proper value to be used for the transformer ratio 

with these unequally distributed windings. 

Short-circuit Conditions. A study of the short-circuit 

conditions will indicate how these apparent discre¬ 

pancies can be eliminated. 

First, let it be assumed that the secondary winding 

S is short-circuited and that, as before, its resistance and 

leakage reactance caused by slot and coil-end leakagecan 

be neglected. Under these assumptions, the net volt¬ 

age induced in this winding must be zero. The currents 

in the two windings mil, therefore, assume such values 

as to satisfy this condition. Fig. 6 shows again the 

field of Fig. 4 as produced by a current in the p rimar y 
winding in full lines, and also the field of Fig. 5 as pro¬ 
duced by a current in the secondary windings in dotted 
lines, increased so as to have about the same value as 
the field shown in full lines. The currents .Ii and I 2 
under the assumed short-circuit conditions, and there¬ 
fore the height of the two field forms, are at present 
unknown, but we do know that 


The voltage induced by the same fluxes in the primary 
winding is proportional to 
4 (D a + D b + Da+ D d ) + 4 (D h + D c ) 

— 4 (Da + D d ) + 8 (Db + D c ) 
or Eu —8(4 Ii+I 2 ) +16(8 h+A Ii) = 160 h+72 I, (17) 
Since i 2 = - 2.11765 h 

Eu ~ 160 h - 2.11765 X 72 h 
Eu ~ 7.53 h (18) 

The field forms can now be shown to scale as has been 
done in Fig. 7, because we now know that 
hi8 h 

hi r+J 4 h • 

h 3 ~ - 2.11765 x 4 Ii f 3 4 * * * * * * * * * * * * * * (19) 

K ~ - 2.11765 X h J 

and therefore 

D a - Di~ 1.88 h \ 

Du = D c ~-0A7 h J (20) 

We see that, while the resultant voltage induced in 
the secondary winding is zero, there is nevertheless a 
resultant flux mutual to both windings, as shown by the 
dot-and-dash lines in Fig. 7; the actual corresponding 
lines of force are indicated in Fig. 7 a. This flux has both 
positive and negative portions in the air-gap of the sa m o 
pole face, but the positive portions predominate and 
so the total resultant flux is positive. The reason why 
this flux induces no resultant voltage in the secondary 
winding is simply that the smaller negative portions 

Proportionality sign. 
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interlink with three turns, while the total resultant flux, 
which is larger and positive, interlinks with but one 
tarn; the negative voltage induced in the three inner 
turns is exactly equal and opposite to the positive volt¬ 
age induced in the outer tarn. With a primary winding 
(P) distributed in a different manner, the negative 
voltage induced in the four inner turns only partly 
neutralizes the positive voltage of the four outer turns, 
and so there is a definite positive voltage induced in the 
primary winding just as there would be if there were a 
leakage flux interlinking the primary winding. In 
other words, the resultant flux existing under the 
assumed short-circuit conditions, although interlinking 
with both windings, has the same effect as a leakage 
flux in so far as it induces a resultant voltage in only 
one of the windings; it may therefore be treated the 
same as a true leakage flux for all practical purposes. 
Since it is caused by the difference in distribution or 
arrangement of the windings, it may be called “differen¬ 
tial leakage flux.” As will be seen, the study of this 
flux and its characteristics has been materially facili¬ 
tated by the investigation of the short-circuit condition. 
The reason for this is that, with this condition and the 
other conditions chosen, there is no flux other than the 
differential leakage flux in existence, and as a conse¬ 
quence, it is possible to obtain a true picture of the 
phenomenon, without having it obscured by the pres¬ 
ence of any other fluxes. 

Differential Leakage Coefficient. We have found that 
there is a voltage induced in the primary winding when 
the secondary is short-circuited. Let us find the volt¬ 
age induced in the primary when the same current is 
passed through it with the secondary open. The ratio 
of the former voltage to the latter, we will call the 
“differential leakage coefficient,” for in a transformer 
this ratio is numerically equal to the total leakage 
coefficient, as is shown in Equation (62), Appendix I. 

With open secondary and a current I x , I t is zero. 
So, from Equation (17), 

Ei ~ 160 h (21) 

Dividing Equation (18) by Equation ( 21 ), 


The voltage induced in winding S follows from Equa¬ 
tions (14) and (23) 

72 

Eu ' ' _ 2 222 -^2 “1“ 34 J 2 = 1.596 1 2 (24) 

The fields for this last case are shown in Figs. 8 and 8 a, 
and it will be seen that they differ from the fields in 
Figs. 7 and 7a. 

The voltage induced in the winding S, with the same 
current I 2 flowing through it and winding P open- 
circuited, (7i = 0), follows from Equation (14) or 
(15) to be 

E 2 ~34I 2 (25) 

Dividing (24) by (25), we obtain the differential leak¬ 
age coefficient for this condition 


E u 



1.596 L 
34 1 2 


= 0.047 


(26) 


which is the same as previously found, although the 
fields are different. 

Transformer Ratio. Using this value of differential 
leakage coefficient just found, let us calculate the 
transformer ratio, using the formulas derived in 
Appendix I for a transformer with leakage. (In making 
use of the formulas in this appendix, cri or <r 2 will be 


replaced by 



With S shorted and P open, we 


obtain from Equation (52) 



2 

which becomes for our case 

R = 2.11765 X-= 2.17 (28) 

1 2 


E u 7.53 L 

~e 7 " “leoIT = 0M1 = a (22) 

where <r is the differential leakage coefficient. 

Let us assume for the purpose of further investiga¬ 
tion that the winding P is short circuited, while the 
winding S is connected to the supply circuit, and let us 
calculate the differential leakage coefficient for this 
condition. In. this case, E u must be equal to zero, so 
from Equation (17), 

160 Ii + 721 2 = 0 


If the winding P is short-circuited and a voltage 
impressed upon S, we should have, according to Equa¬ 
tion (53) in Appendix I, 



or R = -JT-i 1 - lb) < 29 ) 

which, using our values, becomes 


Letting K = 



as before. 


R = 2.222 (1 - 


0.047 \ 
2 / 


2.17, as before. 


160 We have now found a transformer ratio which, when 

K = — = — 2;222 (23) used in connection with the differential leakage coeffi¬ 

cient, applies for the calculation of primary and secondary 
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current ratios in either direction, as should be the case. 

Let us see if the same transformer ratio holds for the 
voltage ratio in either direction, as it should. With the 
secondary open and the primary connected to the line, 
we should have, according to Equation (41), Appendix 

I, 

Ei / a \ 

R -wv-~r) < 30) 

E 

We previously found = 2.222 in Equation (8), 


R - J = V 2.11765 X 2.222 = 2.17 

which agree with those previously obtained. 

In using Equation (43) it is necessary to evaluate the 
quantity under the radical with great accuracy since 
this quantity is nearly 1.0 and is subtracted from 1.0, 
the difference being small. A simpler formula based 
on the well-known approximation that V1— A 

* A 

= 1 — ~ 2 ~, if A is small, can be derived from Equa- 


so, therefore, with winding P excited and S open, 

/ 0.047 \ 

R = 2.222 ^ 1 — —g— J = 2.17, as before. 

Finally, if we excite S and leave P open, we should 
have, according to Equation (42), 



E ' 

but, from Equation (10), -— L . = 2.11765 

1&2 


tion (43), giving 


Ei' x 

* ~ 1 E 2 Ei 


(43a) 


For polyphase motors the same general principles 
apply and the same general methods of calculation may 
be used. However, there is one condition existing in 
polyphase motors which does not occur in the or dinar y 
single-phase case. In polyphase motors, differential 
leakage may occur even though the slots and turns may 
be equally distributed in the two members. This is 
due to the fact that in a wound-secondary poljrphase 
motor, for instance, the rotor can assume positions 


therefore R - 


2.11765 


1 - 


0.047 


= 2.17, as before. 


PHASE A 


Conclusions and General Discussion 

Thus we see that by introducing the concept of 
differential leakage and by determining a differential 
leakage coefficient as shown, it is possible to derive a 
transformer ratio for distributed windings which applies 
to open-circuit and short-circuit conditions in either 
direction. The method previously shown for deter¬ 
mining the differential leakage coefficient by finding 
the ratio of short circuit and open circuit voltage for 
the same primary current, Equation (22), may be used 
for single-phase motors in general; also, the transformer 
ratio may be determined as indicated. Equations (271 
and (29). 

However, after the concept of differential leakage 
coefficient has been established and the nature of the 
differential leakage demonstrated, it is possible, and 
frequently easier, to compute the differential leakage 
coefficient from the no-load voltages. In Appendix II 
it is shown how the no-load voltages, with either winding 
excited, can be determined. After this has been done, 
the differential leakage coefficient can be found from 
Equation (43), Appendix I, and the transformer ratio 
Mows from Equation (44). In our example this 
gives the following results: 


— = 1 _ . I EiX-Ei' I 2.11765 


= 0.0235 


or or = 0.047 


'• • • • o o o o"c c e e’ 

••••ooooc©©© 

A| B| C, 

Fig. 9—Displacement op Phase Belts in a Three-Phase 
Machine 

where its phase belts do not coincide with those of the 
stator, as indicated in Fig. 9 for a three-phase motor. 
With the phase belts thus displaced, the conditions in 
the two members are not equal; as a result the fields 
set up by the two windings are different for any given 
axis, which in turn is the cause of differential leakage. 
It was this type of leakage caused by the difference in 
the phase belts that Adams 3 first pointed out under the 
name of “belt leakage.” 

The conditions in connection with polyphase motors 
are further complicated by the fact that the field forin 
of each of the members changes while the field rotates, 
which, with the methods indicated above for single¬ 
phase motors, makes it necessary to study the field 
forms for the various time and space relations, as has 
been done by a number of authors. As an alternative, 
the no-load conditions can be more readily studied 
graphically by the vector analysis given by one of the 
authors 6 of this paper in a previous article. 

_ Up to this point, and particularly in the example 
given above for single-phase motors, the slots for the 
two windings have been assumed to coincide, which was 
done in order to eliminate the existence of zigzag or 
tooth-top leakage. With this assumption, all of the 
fluxes across the gap interlink with both windings, a 
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fact which apparently has led to the name “doubly- 
interlinked leakage” used by some authors. If the 
slots are assumed no longer to coincide, there will be 
certain fluxes flowing across the gap from one member 
to the other which interlink with only one winding. 
These fluxes are usually referred to as “zigzag” or 
“tooth-top leakage fluxes.” However, the methods 
indicated in this paper for determining the leakage 
coefficient will give the sum of the zigzag and the 
differential or doubly-interlinked leakage, and in many 
cases the separation of the two types of leakages is 
difficult. This is the reason why some authors have 
given the two leakages combined and have referred 
to the combination under any of the various designa¬ 
tions given above. In the previously-mentioned article 
by one of the authors of this paper is derived the 
combination of the two for polyphase motors having 
an equal number of slots in both members, and Fig. 10 
reproduced here is from such previous work. In this 
case it is readily seen that the area under the curve B 
represents the differential or doubly-interlinked leakage 
varying with the relative positions of the phase belts, 
while the areas between curves A and B represent 


the taps to the slip-rings, there will be differential 
leakage. 

Generally speaking, the more the field forms of the 
two windings, or of the same winding with different taps, 
differ from each other, the larger the differential leak¬ 
age will be. An appreciable difference will be found 
in single-phase commutator motors, for instance, where 
the armature has a single set of brushes with a full-pitch 
winding resulting in a triangular field form, while the 
stator is wound to give it a trapezoidal field form or is 
arranged so as to approach a sinusoidal field form rather 
closely. Another case where differential leakage can 
be very appreciable in single-phase motors is where 
there is transformer action between an armature coil 
short-circuited by a brush and a distributed stator 
winding. The short-circuited armature coil gives a 
rectangular field form which differs considerably 
from the field forms set up by distributed stator 
windings. 

In three-phase induction motors with the most 
favorable chording, differential leakage can be made 
almost negligible, while with full-pitch three-phase 
windings, it is often of practical importance. In two- 
phase motors it is generally larger than in three-phase 



motors, and with full-pitch two-phase windings, it may 
be of great practical importance. Another instance in 
which differential leakage can be quite large is that of 
two-phase motors operated with a three-phase secon¬ 
dary. In most cases, the relative importance of 
differential leakage is, of course, governed by its magni¬ 
tude relative to that of the other types of leakage fluxes. 
Thus, in small, slow-speed induction motors where the 
other types of leakage are very appreciable, the differen- 


zigzag leakage varying with the relative positions of the 
slots. For cases with an unequal number of slots, the 
separation cannot be accomplished in so simple a man¬ 
ner, and whenever for some reason or other the separa¬ 
tion Of the two seems desirable, it will be found expe¬ 
dient to determine the combination by the methods 
outlined* in this paper, to calculate the zigzag leakage 
by any of the existing methods for its determination, 
and then subtract it from the sum of the two in order 
to obtain the differential or doubly-interlinked l eakag e. 

The practical importance of the differential leakage 
varies considerably with the case under consideration. 
We have pointed out that it is present with any arrange¬ 
ment where the two windings .are unequally arranged 
either on account of the distribution of the turns or the 
position of the phase belts, or on account of both. It 
may further be pointed out that differential leakage 
may even exist in a single winding with primary and 
secondary taps. A practical example of this kind is the 
armature of a frequency-changer of the commutator 
type where certain taps are connected to slip-rings and 
the other end of the winding to the commutator. For 
any position of the armature where the co mm utator 
brushes do not happen to be in the same location as 


tial leakage will very often be of negligible quantity. 
On the other hand, in large high-speed motors where the 
other leakages are relatively small, the differential 
leakage may be, and frequently is, of practical 
importance. 

The general statements just'preceding regarding the 
relative importance of differential leakage, while not 
covering all possible cases, may be of assistance in so far 
as they may indicate where the detailed calculation of 
the leakage coefficient is desirable. While the methods 
indicated in this paper for determining the leakage 
coefficient are very simple in principle, they become 
quite cumbersome and time-consuming where the 
number of slots per pole is larger than in our example, 
as is Usually the ease in practise. If, wherever such 
procedure is possible, the two windings involved are 
designed to have field forms which are very similar to 
each other, the detailed calculation of the differential 
leakage may often be eliminated merely by making a 
small allowance for the differential leakage to be added 
to the other leakages. On .the other hand, where for 
some reason or other the field forms materially differ 
from each other, an exact predetermination of the 
performance of the. apparatus will necessitate the 
determination of the differential leakage by one of the 
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methods indicated, unless the desired or similar data 
are available from previous investigations.* 

Appendix I 

General Conventions About Leakage 
Although various fundamental relations between 
leakage fluxes and transformer ratio have been derived 
in literature, a number of different factors has been 
called the “leakage coefficient.” This has led to some 
confusion, and, moreover, since most of these relations 
were left in the form most suited to the particular 
method of analysis employed by the one deriving them, 
it may be well to define the leakage coefficient as used 
in this paper. Incidentally, a number of other relations 
used in the paper or convenient for other purposes is 
developed. 

A two-winding transformer, as shown in .Pigs. 11 to 



M 



Figs. 11, 12, 13, 14— Fluxes in a Two-Winding Trans¬ 
former under Various Conditions 

14, is assumed for deriving these relations. Although 
all the leakage fluxes and mutual fluxes may in 
practise not link all the turns, the actual fluxes are 
replaced by the equivalent fluxes which would induce 
the same voltage if they linked the full number of turns. 
The reluctances, of course, are fictitious, but serve well 
for the purpose for which they are intended. 

Open-Circuit Conditions 
If the coil P in Pig. 11 carries a current i u while the 
coil S is open-circuited, this current will set up a mutual 
flux M in terlinking with both coils and a l eakag e flux 

*See Bibliography. 


Li interlinking with coil P only. Both of these fluxes 
induce in coil P voltages proportional to their magni¬ 
tude, and the primary leakage coefficient <ri is defined by 

_ Eu Eu . 

0"l — Z71 I El — El (32) 


El m + Ell 


Ei 


where Eu - leakage reactance voltage in coil P 
Eim = voltage induced in P by mutual flux 
Ei = total reactance voltage in coil P. 

The leakage coefficient may also be given by 

E\ (Rfl 

<ri = W+Li = <R m + (33 > 

where 

= reluctance of path of mutual flux 
flli = reluctance of path of primary leakage flux. 
Similarly, if we assume coil P open and a current 
passed through S as shown in Fig. 12, the secondary 
leakage coefficient cri is defined as 


Ei 


<r 2 = 


Eu 

Ei 


(34) 


Elm + Ell 

where Eu = voltage induced in coil S by the leakage flux 
Eim = voltage induced in S by the mutual flux 
Ei = total reactance voltage in coil S 
The voltage induced in the open-circuited winding 
can now be expressed in terms of the voltage induced in 
the winding connected to the line. In Fig. 11 , the 
mutual flux induces in the open-circuited winding S a 
voltage 

. Eim 

Ei' = -g- (35) 

where 

Ei = voltage induced in coil S when coil P is excited 
R — ratio of turns in coil P to turns in coil S. 
The total voltage Ei induced in coil P is E im + E u , 
and since, from Equation (32), 

En — <TiEi . ( 36 ) 

we have E lm = Ei (1 - ffl ) ( 37 ) 

Substituting this value of E lm in Equation ( 35 ) gives 

171 / 171 (^* 

Ei =E i- - - (38) 

In a similar manner it can be shown that the voltage 
induced in coil P when coil S is excited, the former 
being open, is 

Ei' = EiR \l- ci) (39) 

where 

Ei' = voltage induced in coil P when S is excited 
If the voltages in Equations (38) and (39) are known 
from tests, and the turns ratio R is given, the primary 
and secondary leakage coefficients can be calculated 
directly from these equations. If the ratio R is un¬ 
known, as it often is in motors with distributed wind- 
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ings, Equations (38) and (39) contain three variables, 
so neither the two leakage coefficients nor the trans¬ 
former ratio can be found. Usually, however, or x and 
or 2 are nearly equal, and so we have 


o-i = o- 2 = -y- (40) 

where <r = total leakage coefficient = cri + cr 2 

Making this substitution in Equations (38) and (39), 
we get 


from(38) s--fr(l--f-) 


from (39) 



(41) 

(42) 


Now we have two equations with two unknowns, both 
of which can be found by ordinary algebraic processes 
to be, for the leakage coefficient 


<r 


2 




Ei' X E£ 
E 2 X Ei 


and for the transformer ratio 


(43) 


R 



jV X Ei 
Ei X E 2 ' 


(44) 


It is interesting to note that, if the primary and 
secondary leakage coefficients are equal, the transformer 
ratio is the geometric mean of the two voltage ratios 
obtained by first exciting one winding, then the other. 


Short-Circuit Conditions 
Many useful relations dependent upon the leakage 
coefficients can be derived from a consideration of 
short-circuit phenomena. In Fig. 13, coil S is short- 
circuited, and it is assumed that a current h is passed 
through the primary. (It is assumed that the resis¬ 
tance of both windings can be neglected.) In this case, 
the mutual flux M will induce a voltage in S, ca using 
a current jy to flow. The mutual flux M will be 
proportional to the net ampere-turns acting on the 
magnetic circuit divided by the reluctance of the latter, 


or 


M 



(Rm 


(45) 


Leakage fluxes are set up in each winding as follows: 


Li 


r>~/ 


11 


(46) 


L 2 ~ 


h 

(R 2 R 


(47) 


where (ft 2 = reluctance of path of L 2 

(Dividing by R in the last equation puts L 2 on the 
same basis as M). 


Since the secondary was assumed to have no resis¬ 
tance, the total voltage induced in it must be zero. 
This can be true only if 

U = - M (48) 

Substituting the values of L% and M from Equations 
(45) and (47) in Equation (48) and solving for 1 2 , gives 


1 2 ' = - L R 


(R-2 


+ (R 2 


(49) 


It would, however, be more convenient to have J 2 ' 
in terms of the leakage coefficient rather than in terms 
of the reluctances. By analogy to Equation (33) 


P 2 = 


(R to 

(R-m + CR2 


(50) 


and 


1 — <r 2 = 


(R.2 

(Rto + (R.2 


(51) 


Therefore, substituting Equation (51) in Equation 
(49) gives 

It’ = - h R (1 - cr a ) (52) 

By a similar analysis based on short circuiting coil 
P and sending a current through coil S as shown in 
Fig. 14, it can be shown that 


h' 



(1 - <Tl)* 


(53) 


A comparison of short-circuit conditions with those 
obtaining on open circuit leads to interesting relations. 
The voltage induced in the winding P in Fig. 13 where 
the secondary is shorted, is given by 

E u ~ M + Li . (54) 

in which M and L x can be taken from Equations (45) 
and (46), giving 


v 1 ^ R h 
E u -— + —— (55) 

Introducing the value of I 2 ' from Equation (52) and 
simplifying, gives 


Eu Ji 


(Hi 0~2 + (Km 
X Cli 


(56) 


This still leaves E u expressed in terms of the 


♦Two more relations, interesting but not essential to this 
paper, can be derived by again assuming that primary an d 
secondary leakage coefficients are equal and solving for the 
unknowns in Equations (52) and (53), ob taining 


<r 


2 

R 


i-V- 


W X iV 
I% X h 


V- 


nu 


h'L 


(a) 

(b) 


Note the similarity to Equations (43) and (44) 
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<Ri - -r- (1- o-O 


<T 1 


(57) 


Introducing this value of dL into Equation (56) gives us 
Ii o~i o '2 — trig's 

dim 1 — <T i 

When S is open-circuited as in Fig. 9, the voltage 
induced in P is 


E u 


(58) 


Ei ~ M -f- Li 


ii 

(Rm 


+ 


<Ri 


(59) 


and, by again utilizing Equation (57) and simplifying, 

B —-sr(rr7,) («» 

Now, if it be assumed that the same current is passed 
through P when S is shorted as when open, i. e., that 
ii = 1 1, division of Equation (58) by Equation (60) 
gives 

E u 

jji^ — — <Ti (Ti (61) 

Usually the product cr x cr 2 is small, and therefore if 
+ <r 2 = a as previously assumed, we may write 


a = 


E u 


(62) 


This, of course, is a well-known and familiar relation 
used in many theories of transformers and motors with 
transformer actions. 

Appendix II 

Magnetization and Voltage Factors of a 
Distributed Winding 

Magnetization Factor. The magnetization factor of 
a distributed winding is the ratio of the actual flux set 
up to the flux which would be set up if all the turns in 
the winding were concentrated in a coil having a spread 
of a full pole-pitch. 

For the windings shown in Fig. 8, 
area (abed efgh ) 


ktnl — 


area (a k l h) 


, area ( mnopqrst) 

2 — ’ 7 -- 

area (must) 


= 0.75 


= 0.625 


(63) 


(64) 


air-gap flux. Thus, there will be two voltage factors 
for the primary winding, one for the condition where 
the air-gap flux is set up by the winding P itself, and 
the other for the condition where the air-gap flux is 
set up by the winding S. The former will be denoted 
by k p i and the latter by k pL ', while the corresponding 
factors are denoted by k pi and k p2 '. 

When the air-gap flux is set up by winding P in Fig. 3, 


k 


pi 


4 X area (o5cde/gfe) + 4X area (A d e B) 
8 X area (abed efgh) 


(see Fig. 4) = ~ ~ = °- 8333 


(65) 


k pi ' = 


, = 1 X area (a5 c def_gh) + 3 X area (AdeB) 
4 X area (abed efgh) 


, ' (1 X 120) + (3 X 80) 

(see Fig. 4)- — -- = 0.75 (66) 

When the air-gap flux is set up by winding S in Fig. 3 

, = 4 X area (^nno_pjrsJ) +4 X area (£p_qD) 

8 X area (mnopqrst) 


k p i = 


, „ „ ( 4 X 50) + (4 X 40) 

(see Fig. 5) =- ' fx ' BO -" = °* 90 ( 67 ) 


kpi — 


1 X area (wTOopgrst)+3x area (Cpqd) 


4 X area (mnopqrst) 


(see Fig. 5) = 


(1 X 50) + (3 x 40) 
4 X 50 


0.85 (68) 
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Discussion 

H. C. Specht: The authors of this paper have illustrated 
the transformer action of distributed winding in a way which 
gives a very clear physical concept of this phenomenon. 

There is one item that may he not so easily understood— 
that dealing with the short circuit condition of two equally 
distributed windings, as in Fig. 1, where it is assumed that the 
resistance and leakage reactance are zero. The voltage and 
flux and, consequently, the current must bo zero. Nevertheless 
the authors flguro a current in the primary and secondary 
in order to determine the current transformer ratio. There is 
nothing wrong with the method although in roality such currents 
do not exist and cannot be obtained by actual tost. The con¬ 
ditions are of an imaginary nature and represent only means to 
arrive at the results given in the paper. The conditions obtain¬ 
ing in Fig. 3 tire, however, not so fictitious. This imaginary 
condition is certainly of groat help in obtaining the conception 
of differential leakage. 

The authors havo chosen in their analysis the same number 
of slots and coils in both members, primary and secondary, and 
directly opposite to each other in space. This is done, of course, 
for simplicity. However, it might have boon well to give a 
simple illustration of a few cases in which the number of slots 
is not the same and in which one member rotates as is the case 
in induction motors. This would make the paper more com¬ 
plete and more useful for practical design work. 

R. E. Hcllmund: The purpose of the present paper was, as 
indicated, to attack the same problem, which is somewhat 
involved, from a different point of view and to present as simplo 
an analysis as possible. We have purposely refrained from 


case of Fig. 1 in the paper, where there is no differential leakage, 
the voltage Ei across the primary winding is zero, while in the 
case of Fig. 3 where there is differential leakage, there will be a 
definite value Ei across the primary winding. In other words, 
in the circuit of Fig. 1 herewith it is no longer necessary to assume 
that a current is flowing with a voltage of zoro impressed on the 
circuits. 

When I was originally working on differential leakage, my princi¬ 
pal interest was, of course, the performance calculation of motors 
and tho influence which differential leakage had upon such 
values as power factor, pull-out torque, starting torque, etc. 
During more recent years my interest in the phenomenon was 
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Fig. 1 


including in the paper a groat deal of additional available material 
and have excluded everything except what appeared to be essen¬ 
tial to a simple explanation of the phenomena and a few general 
remarks relating to the practical importance of the differential 
leakage and transformer ratio. Tho previous remarks may also 
serve as a reply to a part of Mr. Specht’s discussion. 

In further answer to the latter, reference may be made to 
Fig. 10 of our paper. It is reproduced from one of my previous 
articles, and it will be seen that the leakage coefficient is given 
for all rotor positions of a three-phase motor. The average of 
the curves given represents the leakage for tho rotating motor 
condition. This figure was derived for an equal numbor of slots 
in the stator and rotor. The method by which it was derived 
can also be utilized for an unequal number of slots, but in such 
oases the zigzag and differential leakage cannot bo as readily 
separated as in Fig. 10. It will be necessary to figure the zigzag 
leakage by one of the existing methods and subtract it from the 
total in order to obtain the differential leakage. 

Mr. Specht has further drawn attention to the fact that, on 
account of certain hypothetical assumptions made in our paper, 
it is concluded that in the case of Fig, 1 there is a current flowing 
although the voltage impressed is zero. This difficulty can be 
readily overcome by assuming the circuits as indicated in Fig. 1 
herewith, including a resistance R in series with the primary 
motor winding P. The secondary winding S is short-circuited. 
We can now impress a total voltage E and regulate R until any 
desired current (Ii) is flowing. It will then be found that in the 



Fig. 6 


revived because it entered rather prorainantly into certain 
difficult commutating problems. As is well known, the commu¬ 
tation of certain a-e. motors is not perfect because there may be 
a definite voltage induced in tho short-circuited armatiu’e coil 
which is not compensated for. In such cases there is, of course, 
a short-circuit current flowing in the coil which has to be inter¬ 
rupted when the circuit is oponed. 

Such a case is illustrated in Fig. 2 herewith. The circuit of the 
short-circuited coil of Fig. 2 can be represented as shown in 
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Fig. 3 herewith, with a definite voltage (e) induced in the cir¬ 
cuit which contains an inductance X and a resistance 22i. The 
opening of the circuit at the brush is represented by a switch S . 
If we thus look at the commutation problem as a switch problem, 
we know that the sparking at the switch is not governed merely 
by the induced voltage (e) and the current 7 flowing in the cir¬ 
cuit, but to a very great extent by the magnetic energy stored in 
the inductance X . If we assume now a case as shown in Fig. 
2, without a stator winding or any other damping circuit, 
the inductance of the short-circuited coil will be very large 
because it is formed by the entire main flux path F. In other 
words, with a given voltage e of possibly three or four volts, very 
bad commutating conditions may be encountered with such a 
large amount of stored magnetic energy. 

Assuming now the more common case with a stator winding S 
as shown in Fig. 4, of this discussion the circuit of which is closed, 
either through the armature, as is often the case, or through an 
external circuit, we have an equivalent switching circuit as shown 
in Fig. 5 herewith. It shows the mutual inductance M between 
the short-circuited armature coil and the secondary stator cir¬ 
cuit. Both primary and secondary circuits have resistances, 
Ri and 22 2 , and leakage reactances L x and L 2 , and the secondary 


circuits may have in addition an external reactance L 0 , the effect 
of which is the same as that of the leakage reactance L 2 . If with 
such a circuit the leakage reactances are small, the sparking 
conditions will be materially improved over those in Figs. 2 
and 3 because a large part of the stored magnetic energy 
can be dissipated in the resistance 22 a of the secondary circuit. 
However, in the same measure as the leakage reactances increase, 
the sparking conditions grow worse, and it is for this reason that 
the leakages between the short-circuited armature coil and the 
stator winding, and among them the differential leakage, become 
of practical importance. If the stator coil S in Fig. 4 herewith is 
a single coil located in stator slots opposite the armature slots 
containing the short-circuited coil, the leakage is likely to be 
small and the commutating conditions fairly good. On the 
other hand, if the stator winding is distributed, as is often the 
case, to approach a sinusoidal field form (as shown by s in 
Fig. 6), rather large differential leakage will be encountered 
because the short-circuited coil has a rectangular field form r. 
With such widely different field forms, I have found that the 
differential leakage effect can be as high as nine to ten per cent of 
the reactance of the main flux path, which in turn can result in 
very bad commutating conditions. 



Induction Motor Performance Calculations 


BY P. L. 

Fellow, 

Synopsis.—By means of solutions of the induction motor exact 
equivalent circuit in the form of infinite power series, approximate 
formulas for the important motor characteristics are derived. These 
formulas enable the effects of magnetizing current , core loss , and 
primary resistance on maximum torque , starting current,, and so 
forth, to be readily taken into account with engineering accuracy. 
A new form of power factor chart is presented, which enables the 
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power factor-load curve of any motor to be conveniently determined 
from no load test data. Exact values of pdwer factor can be ob¬ 
tained from the chart by applying differential corrections, formulas 
for which are given. 

The methods outlined were developed to secure an optimum 
combination of speed, accuracy , and consistency in design calcu¬ 
lations , and have been in regular use for the past seven years. 


terms represent differential corrections to those ideal 
formulas. Approximate correction factors to apply to 
the simple ideal formulas are thence derived, which give 
results to engineering accuracy, and which are vefry 
convenient for many design purposes. 

The method proposed is an alternative to that 
recently presented by Mr. W. J. Branson, 1 algebraic 
formulas supplemented by a single chart being used 
instead of a series of approximately 100 charts. Both 
methods assume the equivalent circuit (Fig. 1) to truly 
represent the motor's performance. The only differ¬ 
ence in the basis of the two methods is that Mr. Branson 
assumed the core loss branch of the equivalent circuit 
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Fig. 1—Equivalent Circuit of Polyphase Induction 

Motor 

to be connected directly across the line terminals, 
instead of inside the primary impedance, as in Pig. 1. 
If all the core loss occurred in the primary.core back of 
the teeth, the first assumption would be nearly exact, 
primary resistance, or while if it all occurred in the air-gap surfaces the latter 


I. Available Methods op Calculation 
HE apt of calculating the load characteristics of an 
induction motor may be said to have begun with 
the invention of the circle diagram by Behrend 
and Heyland. Later, the theory of the transformer 
was developed, and thence Steinmetz derived the 
equivalent circuit of the induction motor. • These two 
methods have since been used with various modifica¬ 
tions, but no entirely new methods have been devised. 

In the author’s experience, the equivalent circuit 
method of calculation has proved best suited for all 
purposes, except that of ready visualization. The 
circle diagram is useful, especially to the novice, for 
visualizing the motor’s performance over its entire 
range of operation; but the equivalent circuit enables 
the characteristics of widely different motors to be 
determined with the greatest speed and accuracy. The 
calculations in the solution of the equivalent circuit 
must be carried out in logical sequence, and preferably 
with a power factor slide rule, 2 to obtain both speed 
and accuracy, but other means than straight-forward 
calculations can be employed with advantage. 

In design work, many questions require only approxi¬ 
mate, while others require accurate answers. A single 
method which will yield approximate results quickly, 
and will also give accurate results with a greater ex¬ 
penditure of time is, therefore, very desirable. Such a 
method can be developed for most design problems by' 
deriving fundamental equations that take into account 
only the major phenomena, and also deriving correction 
formulas which take into account deviations caused by 
secondary phenomena. The induction motor is partic¬ 
ularly suited to this method of design, since many of 
its characteristics differ only slightly from those of an 
ideal motor without core loss, 
magnetizing current. 

It is the purpose of this paper, therefore, to show how 
the general solution of the equivalent circuit of the 
polyphase induction motor can be expressed in infinite 
power series, of which the first order terms are identical 
with the us ual text book formulas, and the higher order 

♦General Electric Company, Schenectady, New York. 

2. For references see Bibliography. 

Presented at the North Eastern District Meeting of the A. I. E. E., 
Springfield, Mass., May 7-10, 19S0. 


would be satisfactory. Neither connection is exactly 
correct, and both require separate allowances for stray 
load losses, so that these differences are unimportant. 

II. Basis of the New Method 
The “exact equivalent circuit” of a polyphase induc¬ 
tion motor is shown in Fig. 1. In using this circuit, 
several assumptions are involved, which will be ex¬ 
plained in the next section, but these do not lead to 
any marked departures from experimental results. 
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There are six independent constants of the circuit, 
which can be reduced to two principal and two sub¬ 
sidiary constants, by assuming the leakage reactance 
to be equally divided between primary and secondary 
(Xi = Xi), and by recognizing that the secondary 
resistance, R 2 , and the slip only occur together as the 


Ri i?2 

ratio ——, so that r can be used as the independent 

s s 


variable. The principal constants are then the magnet¬ 
izing and leakage reactances, X m and X, and the 
subsidiary constants are the primary resistance, R i, 
and the core loss conductance, <3*. There is, in fact, 
one other constant, the friction and windage, which 
must be specified to determine the motor efficiency, but 
this can easily be taken care of by subtracting it from 
the output indicated by the circuit, without affecting 
in any way the circuit calculations. 

The problem now is to derive simple means of deter¬ 
mining any particular characteristic of the motor by 
use of the equivalent circuit, for any set of values of 
the four motor constants. To solve this problem, the 
four constants will be expressed as voltage or current 
ratios, and the circuit will be solved for the general case 
by developing it in the form of an infinite power series. 
Since the two auxiliary constants have much smaller 
values than the other two, the series need only be 
earned to the first or second order terms in these con¬ 
stants, though it must be carried out to include the 
fourth or even sixth order terms of the principal 
constants. While the algebraic expressions resulting 
from this process are rather formidable, a little famili¬ 
arity with them leads to means of using them in con¬ 
venient forms, and, if only approximate results are 
desired, they become very simple.. 

In order to obtain series converging as rapidly as 
possible, it is important to arrange the constants in the 
order of their normal magnitudes. The magnitudes 
depend, of course, upon the operating range of the 
motor under consideration; the magnetizing current, 
being a very small part of the total under starting con¬ 
ditions, for example, although it is a very large pro¬ 
portion of the whole at light loads. For this reason, 
it is convenient to carry out the solution separately for 
the three different ranges of operation which are of 
interest, corresponding to normal operation under load, 
the region of maximum torque, and the region of start- 
mg. In the following sections of the paper, the process 
indicated is carried through for these three conditions 
mtum. 


III. Assumptions and Nomenclature 

In conformity with the usual practise, the following 
assumptions will be made: 

Xl " ■**’ or primar y reactance equals secondary 
reactance. This assumption is made for the reason 
that the departures from it met with in practise can 
cause only small errors; that it is difficult to determine 


Xi and X 2 separately by test; and that to keep Xi and 
X 2 separate in either design or approximate equivalent 
circuit calculations involves a great deal of extra labor. 

(2) I m = h at no load, or the running light power 
factor is very low. This assumption is made for the 
reasons that it is closely true for motors above 5 hp. 
rating; that the departure from fact is greatest in high 
power factor motors, where the value of I m is of least 
importance; and that the approximation greatly simpli¬ 
fies the work. 

(3-) I m is proportional to e, or the magnetizing cur¬ 
rent is proportional to e. This is true except for the 
effect of saturation, which cannot be analytically 
expressed. 

(4) The core loss is proportional to e 2 . This has 
been shown by many tests to be nearly true at magn etic 
densities usual in induction motors. At high voltages, 
the exponent is usually greater than 2, while at low 
voltages it may be a little less than 2. 

(5) All impressed current and voltage harmonics are 
neglected, or sinusoidal wave forms are assumed 
throughout. 

(6) Stray load losses are neglected, although these 
can readily be taken into account by increasing the 
effective primary and secondary resistances by appro¬ 
priate amounts. 

A list of the symbols employed follows: 
Nomenclature 


a = . j = ratio of no load magnetizing current 
to current at assumed load 
. IX . 

® = g = ratio of total reactance drop to im¬ 

pressed voltage 

IR, 

c = ^ = ratio of primary resistance drop to im- 

pressed voltage 

IR* 

a ~ E ~ ra ti° of secondary resistance drop, 

based on primary current, to im¬ 
pressed voltage 

e = induced voltage per phase due to air-gap flux 
E = impressed voltage per phase 

„ friction loss 

* — output = ra ^° friotion and windage 

losses to output 

/ = frequency in cycles per second 

9h = core loss conductance in mhos per phase 

G = conductance in mhos per phase 

,_ core loss 

volt amperes input — ra ^° core watts 

per phase to volt 
amperes input per 
phase 

Im = no load current, or magnetizing current, in am¬ 
peres per phase 
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A = 


--E-C 0 


6 4 


4 A 2 + 16 A 4 


A® 


( — - 
\ 2k 


64 A° 
6 5 


8 A:* + 32 A 6 


)] ® 


— current in a mper es per phase 
3 = symbol for / - l 

R* _ d_ 

sZ<, ~ s ~ ra ^° P er cen t secondary 
resistance drop to per cent 

„ • . sli P 

a — resistance in ohms per phase 

s = ratio of slip to synchronous speed 
X = reactance in ohms per phase 
Y = admittance in mhos per phase 
Z = impedance in ohms per phase 
In general, subscripts 1, 2, m, and 0 refer to the 
primary, secondary, magnetizing, and total or line 
constants. When no subscript is used, the combined 
characteristics of the magnetizing and secondary cir¬ 
cuits in parallel are indicated. The arrangement of the 
equivalent circuit is illustrated by Fig. 1. 

1 he quantities b, c, and d, which vary directly as - 

the line current, and a and h, which vary inversely, are 

the essential variables that determine a motor’s per- +6 « 2 A 1 A 2 +4 a b k" h 2 +k ; ' A 3 4 - 3 — ^ 
formance, both as affected by load changes and by 4 

variations in the design constants. 

IV. Solution in the Neighborhood of Full Load ~ + 2 a A 2 h + b h ) + ( a 1 * A 6 

At full load as a motor, s is quite small, and R-,/s is 

toe largest part of the total motor impedance, Z u . , ^ h , k aP h 

Hence, we may most conveniently calculate all the + * b + 4 + 4a*A 4 A + 3 a 2 A 2 6 A + —-— 

impedances of the circuit as products of R«/s by a 

power series. Having done this, we may find an expres- +Sa**tf- — 36 

Hs 4 A 2 


Adding the magnetizing admittance, Y m , to Y 2 , and 
taking the reciprocal, we have their combined impe¬ 
dance, Z: 

Z= (® 2 k2+a b+k h )+( ai A 2 6+3 a 2 A 3 h 

a 2 b 2 _ b' 2 h \ / 

+ 4 +2a6AA+A 2 A 2 +—j-^AHa 6 A 4 6 

a 4 ¥ k- a - 8 b 3 


+5 a 4 A 3 h - 


■ +2 a 3 k 3 b h- 


3 a 2 6 2 A A 




+ 


r=-)]; 


( 7 ) 


• J. 7 *1*2 -X ^ / _l I 

sion tor A = —~= by successive approximations, and, mu ^ J 

0 The addition of the primary impedance, 

by substituting its value in the other expressions, p , / - , • ft \ 

obtain the ratios of all the impedances to Rn/s. These 2/ \ k + 3 2 k )• to Z> gives the total motor 


ratios and quantities derived from them will give the • j ^ 
power factor, torque, and other quantities it is desired imp ance > A,: 
to know. » 

iy _ 

As a prelude to the calculations, it is desirable to s' 

note the following equalities: 

b Rz 


Xt - « 


2 ks 


e. -E(l--~) 

/ 2 a k \ s . / 

» \2 — a 6/ ~rT a *v" 


(1) 


( 2 ) 


f [ l ~ ( a * k * +a b + k h ~ J ) + (° 4 k *+« 3 * 2 &) 

+( 3 & 3 ^+~ 4 ~ +2 a & A A+A 2 

- (a 3 A«+a B A 4 6+5 a 4 A 6 A- 


a 4 6 2 A 2 a 3 6 3 


6m — 


a 6 a 2 6 2 


) 3 a 2 6 2 A A 

(3) + 2a 3 A 3 6A + j-+ 6a 2 A^A 2 + 4a 6 A 2 A 2 


kh,/ 3 a 2 6 2 \ 

( 1 + a 6 + —— ) 


( 4 ) 


The first step is to express the secondary circuit 
admittance, Yj, as an infinite series, derived by taking 
the reciprocal of Z 3 . 

jF?2 

z ’-~r 




+ w , + L^)] +y [( at + _|_) 

- (a 3 k 3 + a 3 bk + -~ + 2 ak 3 h + bh) 

/t*\ [ ct? b * 2 lc 

(5) +^a 6 A®+a 4 A 3 6+— j — +4 a 3 A 4 A+3 a 2 A 2 6 A 
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+ 


ab 2 h 


+ 3 a ft 3 ft 2 - 


b 2 h 3 ft ft ft 2 


4 k 2 


+ ■ 


>]] 


( 8 ) 


The absolute value of Z 0 , found by extracting the 
square root of the sum of the squares of the resistance 
and reactance components, is: 


w-aM- 


a 2 ft 2 6 2 


+ 


2 ft 2 



3 a 4 ft 4 
8 


3 a 2 ft 3 h a 2 ke d 2 i> 2 a b e ab 3 
2 “ 2 “ 4 ~ ft 4 fc 2 


Vh 15 b 4 c 5 6 6 

+ A 3 8 ft 8 ~ 16 


3 & 2 c 2 
ft 4 


— c ft ft 2 


a b 3 h 7 b 2 ch c 3 

+ ~2k~ + ~2W + a b ch ~ 


+ 


3 c 2 h 
k 



As the value of k in the neighborhood of full load is 
not far from unity, we may readily solve (10) by suc¬ 
cessive approximations, obtaining: 




a 2 & 2 
4 


+ ft 2 ft 2 - 


Vh 
4 k 


b 2 c b 4 \ I 5 , 17 ab 3 b* / b 2 

2 k 3 8 k 4 / + \ 16 a ^ 6 “ 8 aikSh + 4 “ + « c (b - a) + h (a 2 - -j 


3 3 3a 3 & 3 

+ jg aW + g a 4 ft 3 c - —g— 


+ 2a 3 k 3 bh + 


a 3 kb e 
2 


+ 


ft(ft — 2c) ) + ^ 


5 a 6 5 a 3 b 3 
16 + 8 


3 a 4 6 2 
16 


7 a 2 b 4 
32 


5 a 2 b 2 kh 9 a 2 ft 4 h 2 a 3 b l e 3 a 2 & 4 

S-— + <**e + -2J- + 


a b 3 b 3 / a 2 & 2 

+■ g — 2 ~ — c ^a 4 +—^—— a 3 b+abc—abh 


a 2 c 2 a b k 2 h 3 3 a b 3 c a b 3 

—— 2— + aihc+ —n^~ + j^ 



2a 3 b- 


a 2 & 2 
4 


+ 


a b c 2 
ft 2 


- k 3 h 3 + 


Vh 2 

4 


b 4 h 3 b*c 
4 k 3 + 8ft 8 


+ 


3 a 2 h 


3 a 2 c.+ 


a 6 h 
2 


& 2 ft 

4 


+ 


aii 3 

~4~ 


_6^ & 2 c* \ 1 

+ 16 k 3 + 2 k 4 / J 


( 9 ) 


The complete solution of the equivalent circuit has 
now been formally obtained, and it remains to reduce 
the expressions to useful forms. The first objective we 
will set is the calculation of the slip, s, for a given 
primary current, from known values of the circuit 
constants. Taking the reciprocal of (9), and multiply¬ 
ing through by U 2 /s, we find: 


9 6 4 \ \ 

+ — g ~ —2 ch + h 2 J-e 3 ) ( 11 ) 

For practical purposes, the second and higher order 
terms in (11) may be replaced by the single term 
2 a 2 i> 2 , which is closely equal to them for normal motors, 
so that we finally obtain: 

k - 1 + -g-+ h - c + 2 a 2 b 2 (12) 




V c 

2 k 2 ~ k + kh 


, / a *k 4 a 2 k 3 h a 2 kc a 2 b 2 abc 

' - 8 2 ~~1T~ 4 + ~T~ 

aV 3b 2 ft 3 b 2 c 3 b 4 
4 k 2 ~ 4 k + 2 ft 3 8 ft 4 


c 2 

+ “P“ -2 ch 



a 8 ft 3 

IF 


5 a 4 ft 8 ft 

+ —g—+ 


a 4 ft 3 c 
8 


a 4 ft 2 b 2 t 5 a 3 b 3 
16 + 8 


2 a 3 ft 3 b ft + 


a 3 ft 6 c 
2 


a 2 b 2 ft ft 
+ 8 


a 2 ft 4 ft 2 
4 


a 2 & 2 c 
+ _ 2ft 


a 2 b 4 
32 ft 2 


+ 


a 6 ft 2 ft 2 
2 


9 a ft 3 c 3a&® 
4ft 3 ” 8 ft 4 ~ 


3 a 6 c 2 
ft 2 


b 2 ft 2 
4 


Equation (12) has been tested in comparison with 
the results of complete circuit calculations over a wide 
range of motor constants, and it has been found to be 
accurate within 1 per cent for usual values of ft (1 to 1.2), 
and to 5 per cent for abnormal values of ft (up to 1.4). 

This equation is extremely useful in making perform¬ 
ance calculations from test results. For there is no 
suitable means of directly measuring R i} and a knowl¬ 
edge of this is essential for the start of the equivalent 
circuit calculations for a definite value of slip. Mea¬ 
surement of Ri by standstill impedance tests involves 
large errors due to iron losses and eddy currents, and, 
on slip ring motors, its measurement with direct cur¬ 
rent applied across the rings involves transformer 
ratio calculations which may lead to errors. 

The normal procedure in testing is, therefore, to 
operate the motor under load, and take simultaneous 
readings of line current and slip, establishing a slip- 
current curve. This test does not require any torque 
or wattmeter measurements, and so is conveniently 
“"eurately performed. The usual primary 
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resistance, running light, and blocked rotor tests deter¬ 
mine the values of c, a, h, and 6 for any assumed value 
of primary current, I l9 Substituting these values in 
( 2 ) gives the value of k, which in conjunction with 
thetest s-Ii curve gives R 2 from the.identity 

i i • A check ma y be obtained by repeating the 

calculations for several values of current, since the 
same value of R 3 should be found in all cases. Thus 
a single pair of test values of s and I I is sufficient,’ 
instead of the whole curve. Without using Equation 
( 12 ), the same answer can be found by guessing the 
value of k, thence finding R 2 , carrying through an 
equivalent circuit calculation for the known slip, and 
comparing the value of 7, thus found with the measured 
value. By repeating the process with successively 
closer values of k until agreement is reached, the correct 
answer can finally be obtained, and this was the method 
formerly used. 

Other useful expressions are those for the secondary 
current, secondary induced voltage, and power factor. 
The secondary current is readily determined from the 
identity U = h\Y 2 Z\. \Y 2 \ is the reciprocal of 
the absolute value of (5) and | Z | is the absolute value 
of (7). Evaluating these quantities with the aid of ( 11 ), 
and multiplying them together gives: 


to vary as e 2 , the ratio of aotual core loss un der load 
to that at no load is: 


e 2 


E 2 




~ (1 + a6 )(~|r) 


= l- 


3 ¥ 


■ 4 — -2 c, approx. (17) 

This equation does not make any allowance for 
stray load losses, which are due to the leakage fluxes 
produced by the load currents, but it does give the 
same value for core loss as found by the formal solution 
of the equivalent circuit of Fig. 1 . 

All the equations given'can be applied to induction 
generators by simply changing the signs of the h and c 
terms in the equations, wherever they appear. 

V. Determination op the Power Factor 

The power factor may be calculated from the iden¬ 
tity, power factor * R 0 | Yo |, Rc being given by the 
resistance component of ( 8 ), and | Y 0 | by the reciprocal 
of (9). Carrying out the operations indicated, and 
substituting ( 11 ) in the result to eliminate k, we find: 


h / o 2 ab \ / 

— -!-(— + —+*) + (- 


Power factor = 1 — — ^ ~ 


a* 

T 


+ 


((--r 


+ 


a 3 b 


+ 


a !_i , ® 2 &2 , , a b h ¥ h 
4 +—+ * >c + — + — 


+ c h ^ 


3 a 2 & 2 

+ O + 


3 a b 3 


_ JL) 
8 7 


g— ) + b h (a + b) 


(13) 


which is approximately equal to: 

J* ~ Q8 J!?__ ab 
h " - 98_ 2 ~~ 


9 a 4 6 * 


16 


(14) _ 


This equation is convenient for determining the 
actual secondary copper loss, and hence the torque and 
rotor heating, for any slip when the usual no load test 
data are available. 


16 a 3 b 3 39 a 2 ¥ ab s b e \ /- 

+ —- — )-c[4:a 3 b 


32 


+ 


9 a 2 ¥ 


+ a6c-f3a 2 c + 


5 & 2 c 


+ c 2 


) — c h (3 a i 


Similarly, the induced secondary voltage, referred to 
primary, is given by evaluating the identity e = EY 0 Z 
with the aid of Equations (9), (7), and ( 11 ), whence: 



1- 


/ ab 
\ 2 




3 a 2 b 2 
8 



. 7 a b 3 . & 2 h 5 ¥ c 9 ¥ \ 

+ ~16~ + ~ + ~8~~ 128 + 2 ch)(lS) 

which is approximately equal to: 

e I ab 3 ¥ \ 

E “ 1 V 2 + 8 + e ) + a 2 ¥ (16) 

Equation (16) is convenient for determining the 
actual secondary flux densities and the air-gap flux under 
load conditions. At no load, the per unit primary 

a b 

reactance drop is so that, assuming the core loss 


+ 6 2 + e - h) + - 2 a 2 & 2 — 2 a b 3 

i £fr 4 \ ,, /3 a 2 ab \\ 

+ ~r)- h \~r+ — + *)) ( 18 ) 

• 

The complete form of Equation (18) is much too long 
for practical use, and unfortunately no way has been 
found for reducing it to an approximate expression of 
accuracy better than 2 or 3 per cent. It can be ex¬ 
pressed in a variety of approximate forms, however, 
which are useful in rough calculations, such as: 

Power factor ~ 1 - -—+ 3 a 2 ¥ (19) 

This equation indicates clearly the symmetrical way 
in which a and b determine the power factor, but it is 
not accurate enough for performance calculations. 

It is important to have a ready method of finding the 
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power factor for any load; when no load test data only 
are available, so that we must resort to a new expedient. 
By assuming definite values of the variables c and h, 
we can reduce the variables determining the power 
factor to three: a, 6, and Ri/s. This enables a power 
factor chart to be plotted, the power factor being given 
as a function of R 2 /s for various values of a and b. 
Such a chart, shown in Fig. 2, can readily be drawn with 
sufficient accuracy to enable the power factor to be 
read off to about 0.2 per cent for any conditions. 
The values read directly will, of course, be in error due 
to the differences between the actual and assumed 


are more basic, and the extra time required is justified 
in such cases. 

Somewhat similar power factor charts have been 
disclosed by others, 3 but no adequate methods for 
locating power factor load curves and for correcting the 
chart results to exact values have heretofore been given. 
The chart here described was first devised by Mr. 
H. Maxwell about 1910, and was successively modified 
by Mr. C. Macmillan and others of the author’s 
associates before it was put into its present exact form 
in 1923. 

The detailed procedure in making the chart is sub- 



Fig. 2—Power-Factor Chart for Medium Sized Motors 


stantially as follows, the numerical values given being 
those used in making Fig. 2: 

1: Arbitrary numerical values for the impressed 
voltage, E, and the leakage reactance, X, of the circuit 
in Fg. 1 are assumed, that will be convenient in 
calculation. 

2. A series of values of the product a b, covering the 
range from 0 to 0.50, is assumed. 

3. The primary resistance for any value of a 6 is 
determined by arbitrarily assuming a definite value for 
e, as 0.04, at a load current corresponding to a definite 
ratio of a to 6, as 2. These values fix R x for any value 

of ab, the numbers cited giving Ri = 0.04 X 

> a b 

4. The magnetizing reactance for any value of a b is 


X m 


X 

2 



5. An arbitrary value, as 0.02, is assumed for core 
loss current ratio, h, at a load current corresponding to 
a definite ratio of a to 6, as 2. These values fix gr A for 
any value of a b, the numbers cited giving 

0.01 / 2 a b 
X (1 - a b) 

6. For each value of a b, a circuit is set up with the 
constants given above, as shown in Fg. 3, and calcula¬ 
tions of the circuit impedance are made over a range of 
values of R 2 /s from approximately X to ». 


values of c and h, but these errors can be corrected for 
by means of the proper terms of Equation (18). By 
constructing two or three such charts for particular 
values of c and h with definite increments between, 
the true power factor can be determined with sufficient 
accuracy for most purposes by a single chart reading, 
and can be found to within about 2 per cent either by 
interpolating between two chart readings or by adding 
a small correction to the reading from a single chart. 

The power factor chart shown in Fg. 2 has proved 
extremely useful in design work, as it enables rapid and 
consistent predictions of performance to be made with 
good accuracy. For establishing results from guaran¬ 
tee tests, however, the complete equivalent circuit 
calculations (Fg. 1) are generally preferable, as thev 


7. A curve of circuit power factor versus secondary 
input is plotted for each value of a b, the curves 
for different values of a b being put on a common scale 
by taking the secondary power input at the load where 

X 

b - <*, or where Z 0 = as 10 for each curve. 

8. 'On each curve, points corresponding to definite 
ratios of & to a, as 0.1, 0.2, 0.3, .... are marked, 
and points for each value of 6/a are connected by other 
curves. 

9. If desired, a correction for normal friction and 
windage loss may be made by an appropriate shift of 
the horizontal scale. 

The use of. the chart may best be illustrated by an 
examolfl. Suppose no load tests on a motor have shown 
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that its running light current is 10 amperes, and that its 
leakage reactance, determined from standstill tests, 
divided into normal voltage, gives a current of 200 
amperes; and it is desired to find its power factor at a 
load current of 30 amperes, and its maximum power 
factor. The value of a 6 is evidently 10 divided by 200, 
or 0.05, and the value of 6 /a at 30 amperes input is 0.15 
divided by 0.333, or 0.45. The intersection of the two 
.corresponding curves on Fig. 2 gives a power factor of 
0.902, and following the a b = 0.05 curve to its summit 
gives the maximum power factor as 0.917. The ratio 
of abscissas at the two points, 6.63 to 10.03, indicates 
that the torque at maximum power factor is 1.53 tim es 
the torque at 30 amperes, and this ratio divided by the 
power factor ratio indicates that the current at maxi¬ 
mum power* factor is approximately 45.3 amperes. 
At half the load torque corresponding to 30 amperes 
input, the abscissa is half of 6.63, and the power factor 
is, therefore, 0.792. 

If it is desired to obtain exact power factor values, 
it is necessary to correct the chart values for the errors 
due to discrepancies between the actual and the chart 
values of c and h, as indicated above. By referring to 
Equation (18), and taking out all the terms that 
involve c, we find that the coefficient of c, or the per 
cent change in power factor due to 1 per cent change 
in c, is: 

\~aT ) = 2a(a + &)—(4a 3 & + —~ + 2abc 


+ 6 a 2 c + 5b 2 c + Sc 2 + Sabh + b i h + 2 ch-h 2 ^ ( 20 ) 

.This may be approximately represented by: 

( AP F \ 

f = 2 a (a -f b) — 8 a 3 6 (20) 


values, and so the true power factor would be higher 
than that indicated. The chart value of e is 0.04 when 

a = 2b, or0.04 at any other load,' hence is 

0.038 at SO amperes input, where b/a = 0.45. Hence, 
by second (20), the discrepancy in c makes the true 
power factor greater than the chart value by: 

(0.060 - 0.038) (2 (0.333) (0.333 + 0.15) 

- 8 (0.333)* (0.15) )= 0.0061 
Similarly, the chart value of h at 30 amperes input is 

0.02 — - , or 0.021, and the increase in power factor 

due to the discrepancy between the motor's and the 
chart constants is, by second (21): 

(0.030 - 0.021) (0.15 (333 + 15) - (0.05) 2 ) = 0.0006. 

The true motor power factor at 30 amperes input is, 
therefore, 0.0067 greater than the chart indicates, or 
is 0.909. 

Equation (18) can also be used to find the location 
of maximum power factor. By differentiating (18) 
with respect to current, and recognizing that the 
numerical per cent variations of a, b, c, and h for 1 per 
cent change in current are all the same, but that a and h 
decrease while 6 and c increase with increase in current, 
the per cent change in power factor due to 1 per cent 
change in,primary current is found to be: 

A (P. F.) 1 

A j, = (a 2 - 6 s ) + y (® 4 ~ 2 a 3 b + 3 a b a - ¥) 
~ 


— 2 a c (o'— 6) — bh (a — 6) (22) 

Equating this to 0, the point of maximum power 

factor is found to occur when b/a = 1 -f very 


and this equation gives the correction accurately nearl y- The corresponding locus is indicated by the 
enough for all practical purposes. dashed line on Fig. 2. 


Similarly, the coefficient of h in Equation (18) is: 

/ A P. F. \ / a 4 

\ TT / = & (a + &) + (^ — - 2 a 2 6 2 - 2 a 6* 

9 & 4 3 a 2 A v 

+~g~-—^— ~ a b h ~ 2 62 a b c ~b 2 c-c 2 — 2 c h) 

# ( 21 ) 

which reduces to the following approximate form: 

V“aT ) = &(a + &)-a*& 2 (21) 

Thus, if the motor used in the example given above 
had a per unit primary resistance drop at 30 amperes 
of 0.06, and a no load core loss current of 0.9 amperes 
per phase, the values of. c and of h at this load, 0.06 
and 0.03, respectively, would be in excess of the chart 


Other relations obtainable from (18) show that the 
effect on power factor of an increase in frequency at 
constant line current and voltage is practically the same 
as the effect of an equal per cent increase in line current 
at constant voltage and frequency. Also, an increase 
in voltage with fixed frequency and current hag exactly 
the same effect on power factor as an equal per cent 
decrease in current with voltage and frequency constant, 
neglecting saturation. 

All the results given apply equally well to induction 
generators and motors, if the signs of the c and h terms 
are changed wherever they appear. However, the 
power factor chart of Fig. 2 is drawn for positive values 
of c and h, so that the corrections to it for the negative 
values corresponding to generator operation will be 
relatively large. The power factor so obtained for an 
induction generator is, of course, leading with respect 
to the delivered oower. 
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VI. Efficiency Determination 

The readiest exact method of calculating efficiency 
from test data is by summation of losses. First, the 
core loss plus friction and windage are determined from 
no load tests, and then the motor power factor is found 
with the aid of the chart, for an assumed primary cur¬ 
rent. The primary copper loss is calculated from this 
known current, and the measured primary resistance. 
The secondary resistance is determined from the 
measured values of slip and current, by ( 12 ), and the 
secondary current is found by (14), whence the secon¬ 
dary copper loss is known. The sum of these, plus the 
stray load loss allowance, if any, give the total losses. 
The input being known from the assumed current and 
the calculated power factor, the efficiency is at once 
known. Repetition for different currents establishes 
a curve of efficiency against output, from which values 
at the desired loads may be taken. 

Instead of using the power factor chart, and calcu¬ 
lating the efficiency for an assumed primary current, 
it may be preferable to use the equivalent circuit 
directly, and calculate the efficiency for a given slip. 
When J ?2 is found from the test-slip-current curve and 
Equation ( 12 ), and the rest of the circuit constants are 
found from no load tests, the equivalent circuit can be 
solved by ordinary complex number calculations for 
successive assumed values of slip, and the efficiency and 
power factor will both then be found at once. In this 
method stray load losses are usually allowed for by an 
appropriate increase in the primary resistance. 

In making all these calculations by whatever method, 
it must be remembered that the reactive component of 
the standstill impedance of the motor does not repre¬ 
sent the leakage reactance to be used in the equivalent 
circuit, but must be corrected for three distinct reasons: 

(a) When saturation of the leakage paths occurs, 
the reactance decreases with increasing current, so that 
the test value of standstill reactance measured at the 
current corresponding to the particular load under 
consideration must be used in each case. 

(b) When the secondary current distribution varies 
with the frequency, as in multiple squirrel cage and 
deep bar windings, the standstill reactance must be 
increased in proportion to the increase in the inductance 
corresponding to the reduction in frequency . 4 

(c) In all cases, the shunting of the secondary leak¬ 
age by the magnetizing reactances must be allowed for, 
so that the true total leakage reactance for use in the 

equivalent circuit is approximately (1 + ) times 

its apparent value found by standstill test (see Equa¬ 
tion (44)). 

VII. Solution in the Neighborhood of Maximum 
Torque 

At maximum torque, R 2 /s is nearly equal to X, and 
the line current is usually about 4 times full load cur¬ 


rent. Hence, the normal values of the circuit variables 
are quite different in this region from their values near 
full load, b is now large (about 0.7), a is quite small, 
c is of the same order as a, and h is so small as to be 
almost negligible. By repeating the previous equiva¬ 
lent circuit calculations, but with the terms rearranged 
to allow for their new orders of magnitude, we can 
obtain useful formulas for the motor characteristics in 
this region. As less accuracy is needed here, the ealcu-. 
lations need not be carried out to as many terms as 
before. In developing the final equationsfor characteris¬ 
tics in this region, it is important to use only expressions 
whose values are functions of the motor design con¬ 
stants and not variables that depend on the load. The 
products ah, bh, c/b, ae, and so forth, fulfil these 
requirements, and, therefore, the results are all ex¬ 
pressed in terms of these quantities. Thus, although 
the equations involve a, b, c, and h, which vary with 
load, these variables only appear in relations which 
make them invariant, and, therefore, the equations hold 
no matter what value of current is assumed in calcu¬ 
lating the particular values of a, b, and so forth. 

Equations ( 1 ) to (5) inclusive are valid here, as at full 
load, but Equation ( 6 ) is no longer satisfactory, as the 
large value of b makes it converge too slowly. In place 
of ( 6 ), we can write: 


= JL_ r (4 fc 2 - / 2 6 k) ~| 
R 2 L 4 k 2 + b 2 J 


(23) 


Adding Y m to (23), and taking the reciprocal, we 
find the apparent secondary impedance to be: 


Z 




bn 

-f- ^ ^ k h — (t 2 k 2 



+ (a 3 k 2 b + ^ + 2abkh)]+j[ —■ 

+ ( a h ~ ) - (b h + a, 2 b k) — (a, 3 k 3 

, „ ab 2 h a 3 b* \ ~| ] 

+ 2«M-- 1 --- I?jr )JJ (24) 

Adding the primary impedance to Z gives the total 
niotor impedance: 

Z 0 = (ie+R 1 )+;(X+X 1 )=-| ? -^ [l+(-^— ai) 


+ 


r a 2 b 2 b 2 h \ / a z b z 

~4~ + Tk~ k h ~ a * k2 )+\ aS ki &+—+2 abkh 


] 



+ ak — 


ab 2 \ / 

4 fc ) ~ (b h + a 2 b k) — la 3 k 3 


+ 2 a k 2 h — 


abn 

2 



(25) 
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a 6 9 _ 25 a 2 6 s 11 a 6 3 h 
8 


32 


4 


/ c 2 2 a 6 c 

+ j— - a 2 6 2 — 2kh-a 2 k?- 


3 6 2 h a 2 6 4 


2k 


+ 


16 k 2 


+ 


( 


ab 3 h 


a 2 b 2 c 

+ ~2T + 


a 3 b s 
h ~2~ 

b 2 ch 


+ 


a 3 6 5 


8 k 2 


— 2 a 2 ke 


— 2ch 


)] 


Prom (26) and the indentity R 2 - s k | Z 0 |, we find: torque: 
a 6 3 / 

+ y2ab ck + a 2 b 2 k 2 


’)) 

(31) 

This equation is not useful for calculating the torque 
\ at any particular point, but is extremely useful for the 
/ information it conveys in regard to the maximum 
torque. By differentiating (31) with respect to cur¬ 
rent (remembering that the rates of per cent change of 
6 and c are equal to the rate of per cent change in cur¬ 
rent and the rates of per cent change of a and h are 
(26\ numer ically the same but are negative), equating to 
' ' zero » and solving by successive approximations, we 
find the approximate expression. for 6 at maximum 


(k + c) 2 = 1 — b 2 + 
+ 2 k 3 h + a 2 k* + 


2 

3b 2 kh 


a 2 b 4 

IF 


)-(a 


VI- b 2 = 0.707 (1 - - _ - lla * - ) _ 

\ 4 16 / 


5bh 


8 


b 3 kh 


+ 


i a 3 b 3 k 2 a 3 b 3 _ a?b 2 ck b 2 ch \ 

+ 2~ +~g~~ 2a k e + — 2 — +~Y~ ~ 2k 2 ch) 

(27) 

which, when solved by successive approximations, 
reduces to: 

k = vi-6 2 -c + (-^+-~ +h+abe-^~ ) 

b 2 h 


3c 

86 


. c 2 a c 

16 6 2 +_ lF 


(32) 


Substituting (32) in (31), the value of the maximum 
torque itself is found to be: 


T — 

J- max — 


E 2 


2 (Ei. + X ) 


[ 


3 a b a 2 6 2 c 2 
~ 4 + 4 ~~2b 2 


bh 


-+ac 


0 


+ 


+ 


a 6 6 3 a 6 7 

8 + 32 


3 a 2 6 4 5 a 2 6 6 


32 


. 64 


— a 2 c — 


a 3 ¥ 
8 


o t ,, 0,2 c 5 a 6 9 

— 2 ch— a be 2 — —-— 4- ——— 
4 ~ 64 


) 

) (28) 


• . (33) 

This expression agrees perfectly with those found in 
standard textbooks, if a 6 is made equal to zero. The 
usual formulas simply neglect the influence of the 
magnetizing current on the maximum torque, but (33) 
shows that this influence, expressed by the reduction 
factor 


1- 


3 a 6 


~ + 


a 2 6 2 


or, very approximately, to: 

k ~ VI—6 2 — c + (-^ + "f- + fe) 
which corresnonHq tn Pmti™ -n, a + ia ^ ur cuart ui r ig. z, it win oe seen that normal motors 

quatl0n (12) - The t0rque r^ fulllo "?P° Werfact ^ of0 -^ 0.80, and 0.70 (full 


(29) is by no means negligible. By reference to the power 
factor chart of Pig. 2, it will be seen that normal motors 


developed is equal to: 

e 2 Ri I 1 2 R 2 


T = e 2 Gi = 


sZo 


S 


(-fr)‘ 


R 2 \ 

which reduces to 
6 E 2 ^ 

' 3 a 2 6 2 a 2 


= s_E 2 / k 2 Z 2 \ _ E*_ (6 k Z 2 ) 
Rt \ Zo 2 ) 


ZJ 


T= b ~jp(vi-b 2 -(a 6+c)+( 


3 a 6 s a 6 6 


4 


-— h+abh- 


4 4 

7 6 2 h 2 7 a 2 6 4 


+(2eJ+2a , c+ i^ + ^, 


4 

19 a 2 6« 


+2 d 6 

) 


load generally occurs when 6 = 0.5 a, approximately) 
have a b values of 0.053, 0.11, and 0.17, respectively, 
and consequently have maximum torques respectively 
4, 8, and 14 per cent below the values indicated by the 
standard text book formulas. Low-speed motors, 
(30) which have particularly low power factors, have to be 
especially liberally designed to secure normal overload 
torque margins on this account. 

From (28) and (32) the value of k at maximum torque 
is found to be: 


32 
13 a 3 6 3 


k = 0.707 - 


ab a 2 b 2 5 6 h 
200 + 2 + 


5 c 2 


64 


8 


16 6 2 


8 

3 ac 
8 


c 

36 


(34) 
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and from this the slip at maximum torque is: 
I Ri b Rt Ri 

8 = 1 Ve = Tx 


/ ab c 

a 2 b 2 e 2 sc \ 

(35) 

\ 1 + 4 “ 16 6 

~T ~ ~8b 2 ~ ~ ) 

or, approximately: 

2? 2 

/ ab \ 



( 1 + —) 

' (36) 


The power factor at maximum torque is: 



dary reactance is larger than Ri/s, so that the circuit 
should be developed in powers of d instead of powers of b. 
Here, also, the core loss can be neglected, and a is much 
smaller than before. 

The apparent secondary impedance on this basis is: 



and the total impedance is: 



kh-a 2 k 2 )+(a 3 k 2 b+ ^~ +2abk.h)~\ 


7 ah a 2 b 2 bh 

= 0.707- 10 40 +1F 


+ 8 b 16 b 2 + 


Maximum output = 
a 2 b 2 (c 

A 


~ 2 (R, + R7+X) 
a 2 b 2 (c + d) 2 bh 


1 bh “I 

- — + a c J 


and it occurs at a slip equal to: 


_Ar 

i L 


Orb (c + d ) 


X L 4 16 6 

(c + d) 2 jic 5 a d “| 

8 b 2 4 ~ 16 J 

and at a pow.- r factor equal to: 

P. F. = 0.707 (1 - a b + -yy 


+ i ( 2 


a b 2 ad 2 
o H - j, „■> 


the absolute value of which is: 

. „ . „ r / o& d 2 

| Zo I - Xi [ 2 - ( 2 - &2 g2 


approximately, or is normally a little below 70 per cent. 
By a similar procedure, the maximum output is found 
to be: 


_ x r 2 _( j 

Xl l 2 V 2 b 2 s 2 

d 4 4e d 8 6 c 2 d 2 a d 2 
b 4 s 4 + 6 4 s 3 + 6 4 s 2 ~ ITs 2 ” 


Sab 

4 



4c 3 d ac 2 

b 4 s ~ b 

c 4 

b 4 

)] 

(43) 

or, very approximately: 




ZoZ 

Ri + R* (1 - a b) + j X (1 - 

a b 
4 

) 

(44) 

and: 





\Z 0 | 

1 ~ tt / 0 & \ , (®1 + R*y 

'“M 1- 4 ;+ 2 X 2 


(45) 




The torque is, approximately: 

(39) Starting Torque - + (1 - -y-) (4t) 

Thus, the torque at low speeds is reduced by the 
a b 

(40) factor 1 — g 218 a result of the presence of the 



Fig. 3—Equivalent Circuit Constants Used in Calculat¬ 
ing Power-factor Chart 

VIII. Solution in the Neighborhood of 
Standstill 

Near standstill, and in reversed rotation, the secon- 


magnetizing current, or by about two-thirds as much 
as the maximum torque is reduced. This reduction 
factor is very important in low-speed motors, and in 
the induction starting of synchronous motors. 

It is important to note that Equation (44) shows that 
the true leakage reactance for use in the equivalent 
circuit, X, is greater than the apparent reactance by the 

a b 

factor 1 + —y, approximately. Some writers use the 

apparent value of.X directly in all their calculations; 
in an analogous way to that in which the actual mag¬ 
netizing current, I m , is used here in place of the mag¬ 
netizing current which would flow if full voltage were 
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impressed at the air-gap. These variations in usage are 
likely to cause confusion in comparing results if they 
are not observed. 

IX. Numerical Results 

It is difficult to define the accuracy with which the 
foregoing formulas determine the motor characteristics, 
since the errors depend on the relative values of all the 
variables. The formulas have been used with satis¬ 
faction in regular design work for the past six years, 
however, and the errors have been found well within 
allowable tolerances for most purposes. To illustrate 
their use, and to indicate the magnitude of error to be 
expected in ordinary practise, the numerical results 
obtained in the cases of five motors of widely different 
characteristics are presented in comparison with the 
values obtained by regular circuit calculations. . 

The selected motors had the following ratings, all for 
60 cycles: 


Motor No. 

Polos 

Horsepower 

Rev. per min. 

Voltage 

X 

4 

500 

1800 

2200 

2 

8 

10 

900 

440 

3 

10 

125 

720 

2200 

4 

14 

15 

514 

440 

5 

20 

500 

360 

440 


In each case, the usual no load test data and one 


point on a test slip-current curve are given. Thence 
the equivalent circuit constants are determined, and 
the characteristics at a point near full load are calcu¬ 
lated, first by the approximate formulas, and then by 
the exact equivalent circuit. In all cases, the reac¬ 
tance, X, was determined from standstill tests, with the 
corrections described at the end of section VI. Many 
comparisons of actual load tests with equivalent circuit 
calculations, using reactances so determined and proper 
load loss allowances, have shown that agreement well 
within the accuracy of measurement is secured. Thus, 
the variations between the parallel columns are true 
indications of the errors of the new formulas. 


Motor 






No. 

1 

2 

3 

4 

5 




Measured Values 



E 

2200 

254 

1270 

254 

254 

Im 

16.9 

5.75 

9.62 

16.0 

267 

Wh 

2170 

83 

847 

233 

3900 

Ri 

0.349 

0.85 

1.16 

0.380 

0.0048 

X 

5.71 

3.50 

7.40 

2.03 

0.070 

s 

0.0130 

0.0320 

0.0343 

0.0320 

0.0132 

Ii 

65.6 

13.2 

29.2 

24.0 

620 


W h is the no load core loss in watts per phase; 
s and 1 1 are corresponding points on the test slip-current 
curves. 


CALCULATED CIRCUIT DATA 



Approx. 

Exact 

Approx. 

Exact 

Approx. 

Exact 

Approx. 

. Exact 

Approx. 

Exact 

h 

65.6 

65.6 

13.2 

13.2 

29.2 

29.2 

24.6 

24.6 

620 

620 

a 

0.258 


0.435 


0.329 


0.650 


0.431 


b 

0.170 


0.182 


0.170 


0.197 


0.171 


c 

0.0104 


0.0442 


0.0267 


0.0368 


0.0117 


h 

0.0150 


0.0247 


0.0228 

• 

0.0373 


0.0247 


k 

1.028 

1.029 

1.070 

1.072 

1.039 

1.039 

1.22 

1.30 

1.101 

1.106 

Ii* 

0.449 

0.449 

0.658 

0.659 

1.55 

1.55 

0.404 

0.430 

0.00596 

0.00599 


Ii is an assumed primary current at which the characteristics are desired, k is determined by Equation (12) 


s Jc fc ' 

and Ra by the formula ———. The exact values of k and R 2 were found by repeated trials with the equivalent 
circuit. 


CALCULATED VALUES AT THE ASSUMED OURRENTS 



Approx. 

Exact 

Approx. 

Exact 

Approx. 

Exact 

Approx. 

Exact 

Approx. 

Exact 

P. F. 

Oorr. P. F. 
h 
e 

0.924 

0.917 

60.6 

2108 

0.916 

0.916 

61.0 

2108 

0.842 

0.845 

11.2 

231 

0.843 

0.843 

11.2 

233 

0.896 

0.892 

26.2 

1188 

0.891 

0.891 

26.3 

1192 

0.698 

0.704 

17.2 

229 

0.700 

0.700 

17.1 

230 

0.846 

0.836 

526 

240 

0.837 

0.837 

528 

240 


The power factor values are from Fig. 2, and the corrected values are from Equations (20) and (21). I 2 and 
e are from Equations (14) and (16). 


Motor No. 

1 


2 

3 

4 '; 

5 


• 

OALOULAn 

DED MAXIMUM VALUE 

:s 



Approx. 

Exact 

Approx. 

Exact 

Approx. 

Exact 

Approx, 

Exact 

Approx. 

Exact 

Max. P. F. 
Max. torque 

0.927 

389 

0.920 

385 

0.872 

6.92 

0.875 

6.86 

0.908 

89.8 

0.904 

89.4 

0.804 

122 

0.809 

120.4 

0.881 

409 

0,871 

408 


The maximum power factor is from Fig. 2, and the maximum torque, in synchronous kilowatts per phase, 
is from Equation (33). 
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CALCULATED STANDSTILL VALUES 



Approx. 

Exact 

Approx. 

Exact 

Approx. 

Exact 

Approx. 

Exact 

Approx. 

Exact 

Starting 

current 

Starting 

386 

386 

68.2 

68.0 

164 

164 

121.6 

120.2 

3660 

3710 

torque 

63.6 

63.8 

2.81 

2.84 

39.2 

39.2 

52.0 

54.3 

74.4 

73.0 


The current and torque are both determined by Equation (44). The torque is given in synchronous kilo¬ 
watts per phase. 


X. Conclusions 


Discussion 


A method of solving the polyphase induction motor 
equivalent circuit has been developed, which enables 
simple algebraic formulas to be used for the calculation 
of all the useful motor characteristics except power 
factor, with satisfactory accuracy. Heretofore com¬ 
plete circuit calculations, circle diagram constructions, 
or multiple chart references have been required to 
secure the same results, the formulas ordinarily pre¬ 
sented in text books being too inaccurate for regular 
design use. Also, a comprehensive and accurate power 
factor chart has been shown, which is extremely us eful 
in design work. 

The “differential correction method,” as it may be 
called, is believed to possess unique advantages in com¬ 
bining speed with accuracy, and in facilitating deter¬ 
mination of the effects of independent changes in par¬ 
ticular motor constants on any motor characteristic. 

The most useful formulas developed are believed to be 
(12), (14), (16), (20), (33), (36), (38), (40), (44), and 
(46), each of which involves the product of the simple 
formula for an ideal motor by a correction factor based 
on the per unit reactance and loss constants of the 
motor. 

A prime object of presenting this paper has been to 
lay a groundwork for ultimate agreement on standards 
for the determination of motor performance from test 
results.. The A. I. E. E. Standards do not now give 
precise instructions for doing this, and it is therefore 
important that more complete methods should be agreed 
upon. While no exact procedure for this purpose is 
recommended here, it is believed that Equations (12), 
(14), (33), and (44) may be useful in this connection. 
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H* C. Specht: la the paper by Mr. Alger the assumption is 
made that the measured total leakage reactance can be divided 
equally for the primary and secondary. This has been the 
practise for many years. This is fairly correct for wound rotor 
motors with slip rings; however, for most squirrel-cage motors 
this is seldom accurate enough. It may be well to split up the 
measured leakage reactance in the ratio of the primary and 
secondary leakage as has been obtained by calculation. 

Further Mr. Alger assumes that the core loss is proportional 
to the square of the induced voltage and that at high voltages the 
exponent is usually greater. I take for granted hereby is meant 
the core losses at high saturation. 

Strictly sinusoidal wave forms are assumed. Although this has 
been a common practise for many years it does not represent the 
real case and. often the results are badly affected by the high 
harmonics which more or less exist in all motors. 

For the ohmic resistance, the resistance obtained by direct 
current method is generally used. In fact the effective a-c. 
resistance is somewhat higher and it seems that Mr. Alger is 
considering this fact but does not give a mothod to determine the 
accurate increase. By some authors on induction motors an 
empirical percentage of 15 to 25 per cent is assumed. It seems 
to me it would be worth while to do some research work on this 
subject. 

The various equations developed by Mr. Alger with a few 
exceptions seem to me too long for practical use and by shorten¬ 
ing these, simply by neglecting some members of the equations 
the accuracy may not be sufficient for all cases. In particular 
the determination of the power factor does not seem to me 
practical, the equation itself is much too long for practical use as 
stated in the paper, and even the assistance of a chart as given 
by Mr. Alger does not represent a quick method. 

In my opinion I do not see any advantage in using an entirely 
algebraic method of calculating the performance. I am in favor 
of figuring only some values that can easily be obtained and 
obtaining the others by the circle diagram. In all my experience 
I have obtained m this way quick and sufficiently accurate 
results. 

I do not believe that complicated calculations for the determi- 
ation of motor performance from test results will lead to an 
agreement on standards. I agree with Mr. Alger that Equations 
12,14,33, and 44 may be acceptable. 

The fact remains that the customer will judge motors by the 
results obtained on test rather than by theoretical performance 
calculations. 

R. E. Hellmtradi Mr. Alger’s paper and Mr. Specht’s 
discussion thereof merely confirm in my mind the usual experi¬ 
ence that every engineer likes his own calculating and design 
methods best. While a standardization of calculating methods 
may have certain advantages, I am not at all convinced that 
such advantages -would be worth while in view of the disadvan¬ 
tages which such standardization would bring with it. Any 
calculating method for everyday use must of necessity 
certain approximations to be practical. Whatever such approxi¬ 
mations may be, they are usually quite satisfactory for the 
average case, but there are always extreme cases where the same 
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approximations would lead to unsatisfactory results. This in 
itself makes standardization dangerous, especially in the hands 
of the younger and inexperienced engineer. Furthermore, 
engineers are differently constituted mentally, and therefore 
methods giving one engineer the most satisfactory conception 
and understanding of his work will not prove nearly as useful to 
another engineer as some other available methods. Finally, the 
standardization of working, or, as you might call them, “think¬ 
ing methods” would be likely to stifle the individuality and 
originality of the engineer. 

Having thus granted that various methods should preferably 
be used by different engineers, I do not hesitate to state that my 
preference is in the same direction as that of Mr. Specht’s with 
regard to the use of the circle diagram. The use of this method 
has become so common in the working up of performance from 
test results that it should certainly be retained, as one of the 
generally recognized methods. I have even made it a practise to 
use the circle diagram almost exclusively for design purposes, 
because after the calculations required for any method are made 
the diagram can be constructed in a few minutes and is then 
available for deriving a complete motor performance. By using 

, .. A B 

the ratio ^ ^ as the leakage coefficient and figuring the angle 

(E) of the circle displacement, the circle J 3 D C can be drawn. 
This gives for any arbitrarily assumed point D a primary current 
A D and a secondary current B £. It is then possible to figure 
the primary copper losses D E and draw the line E F. Its 



intersection with 0 D locates the torque circle B F C. By 
figuring the secondary losses F (?, the output circle B H C can 
be found. The constant losses give the distance of the line L K 
from A C, and we are now ready to find currents and power 
factor for any desired load. The efficiency also can be taken 
from the diagram, but may have greater accuracy if calculated 
in the usual way after the currents have been determined. 

I prefer the circle diagram method not only because it gives a 
better visual picture of the motor performance and the possibili¬ 
ties for changes in design, but also because it represents a method 
which can be easily remembered. Although I have not designed 
any induction motors for about fifteen years, I could readily 
calculate the motor performance from the diagram as shown 
without referring to any notes. This obviously would be im¬ 
possible with a set of formulas and curves as given in Mr. Alger’s 
paper. 

C. J- Koch: Mr. Specht has raised the question as to 
whether the measured total leakage reactance can be divided 
equally for the primary and secondary. Of course, the proba¬ 
bility is that in a very few cases that is true, primary and secon¬ 
dary reactances are exactly equal and in all motors of the double 
type it is quite far from being true. However, the error induced 


by moving the magnetizing current to the right or left in that 
figure so as to make X 1 greater than X 2 is true and as a matter 
of fact, except in low speed motors the result would hardly be 
modified. If the magnetizing current was assumed to be low, 
the assumption is that the core loss variation is not as much as it 
might appear. What we do, is take the value of core loss with 
the dynamometer when the motor is running light and it draws 
so many watts from the line. The air-gap goes down slowly and 
it is assumed that it is involved and that the actual L. U. T. 
voltage varies only perhaps ten per cent. So the assumption 
which we are making does not involve any very great error. 

In regard to measuring the resistance by direct current I 
presume Mr. Specht had reference to the primary resistance. 
We know in large motors it may be higher than the resistance 
to direct current. However, the means for calculating this 
current are so well known to everyone that it has been more or 
less taken for granted in this paper. In small motors it is 
entirely absent and there is no need for increasing the primary 
resistance when it is carrying alternating current. I don’t tbinlr 
it was Mr. Alger’s intention to recommend these design methods 
to be used by everyone. As Mr. Hellmund says, everyone has 
his own preference in his every day work. 

However, Mr. Alger’s idea was rather this: at the present 
time various manufacturers give guarantees on efficiency of 
motors which are not based on full load tests of the motors but 
are based on so-called running light tests and block rotor tests 
and the manufacturers then deduce from these tests what the 
motor will actually do under load. In the organization I repre¬ 
sent we use equivalent circles, others use the circle diagram, but 
the recommendations of the Institute are not very clear as to 
just what should be done or how it is being done. I think Mr. 
Alger’s offering in the conclusion was the intention of improving 
the A. I. E. E. Standards, by giving a more definite method for 
going from the running light load tests to the actual power tests 
under full load. 

P. L* Alger: I believe the equivalent circuit of Fig. 1, with 
the branch impedances properly determined, represents the 
motor performance with great accuracy, and that the straight * 
algebraic solution of the circuit for a single load is both quicker 
and more accurate than a circle diagram solution. The circuit 
impedances are not truly constant, however, as all the reactances 
decrease with increasing current, and in double squirrel cage 
motors especially, the secondary resistance increases and the 
secondary reactance decreases markedly with decreasing speed. 
Hence, different values of the impedances must be used for 
different operating ranges, which is another way of saying that 
the imperfections of the circuit can be conveniently allowed for 
by varying the “constants.” 

The circle diagram shown by Mr. Hellmund assumes the 
primary copper loss to be the secondary current squared times 
the primary resistance, plus the no load copper loss. This gives 
rise to relatively large errors. In addition, the diagram is no 
more a true circle than the equivalent circuit is correct, when the 
branch impedances vary from saturation or other causes. Thus, 
for most accurate calculations, a different set of values for the 
circuit constants and a different circle diagram should be drawn 
for each region of motor operation. 

I have found the formulas given in the paper, and especially 
the power factor chart, to be very convenient for regular use. 

I have recently had the pleasure of meeting Mr. D. B. 
Hoseason, who has developed a very similar method of calcula¬ 
tion, and who informed me that he is using it for regular design 
work. 



Voltage Irregularities in D-C. Generators 


BY J. T. 

Associate, 

Synopsis . —This paper enumerates the voltage irregularities 
which may occur in d-c. generators. It gives a description of these 
irregularities , the cause of their occurrence , the magnitude of their 
values , their effect on radio circuits , and states the problem en¬ 
countered in their measurement. 

A method is described for the measurement of these voltage irreg¬ 
ularities, by the use of an oscillograph , a blocking condenser , and a 
current transformer. 


FETSCH* 

A. I. E. E. 

A number of oscillograph records , illustrative of the voltage 
irregularities existent in various d-c. generators , is shown , and an 
analysis of the wave form made for each component of slow and fast 
ripple. These records were taken under various electrical and 
mechanical conditions of the generators. Comparisons between 
these records are made. 

Conclusions are drawn as to features desirable in d-c. generators. 
***** 


General Introduction 


T he general idea is held that the voltage from a d-c. 
generator consists of a continuous smooth 
produced electromotive force with practically no 
fluctuations. This opinion is decidedly a misapprehen¬ 
sion, since in some cases the voltage irregularity may be 
as large as 5 to 10 per cent, although in the majority of 
cases the range is around 1 to 2 per cent. The value of* 
this irregularity encountered, depends almost wholly on 
design, and is governed principally by the type of 
winding, shape and size of poles, the type and number 
of slots, to a degree upon the size of the machine, the 
air-gap, the electric and magnetic loading, the occasional 
lack of the interpole feature, and the method of fabri¬ 
cation. This last item is important, as will subse¬ 
quently be brought out in this article. 


For ordinary commercial power work where machines 
of comparatively low voltage are used, a ripple voltage 
of one per cent is usually not harmful, but where the 
d-c. generator is of the high-voltage type and is used for 
a special purpose such as the source of supply for plate 
power and bias of vacuum tubes, the following harmful 
effects pay ensue: First, there may be modulation of 
the radio frequency output of the vacuum .tube, causing 
sidebands and an accompanying broadness of the signal 
transmitted. This may be especially objectionable 
where telephone is being used. Second, generator h um 
in nearby receivers may be experienced by the setting up 
and the radiating of highly damped radio frequency 
oscillations in the power supply leads of the high-voltage 
source. Third, unduly high peak voltages on radio 
equipment being supplied with such a source. 

The problem at hand is to measure this ripple voltage 
by some method, and whatever method is used, must be 
sufficiently sensitive and owe its successful operation to 
the utilization of the very small currents available for 
measurements. Several methods were tried, but failed 
on account of inadequacy or the lack of sufficient degree 
of sensitivity. The reason for this is because the 
npple volt ages present in high-voltage machines are 
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only of the order of 10 to 20 volts, and the ripple current 
which flows through the circuit impedances only of the 
order of one or two milliamperes. Now, if a current 
transformer is used for stepping up this minute current 
to about 100 milliamperes, then the standard element of 
an oscillograph can be actuated to a degree sufficient to 
give a very good record of the voltage irregularity. 
By utilizing this method of transformer and oscillo¬ 
graph, it was possible to measure ripple voltages of the 
order of 34 of one per cent and sometimes better. In 
addition, the oscillograph record of the wave form is 
very valuable, as it is the basis for the analysis of the 
causes of these voltage irregularities. 



ac. generator 

Fig. 1—Diagram op Connections por Measurement op 
Voltage Irregularities 

Vi ® 0-15 volts a-c. 25-2000 cycles 
£2 * D. P. D. T. transfer switch 

c 1 “ ^' 3 J n i cr ° farads ’ touted to withstand d-c. generator voltage 
S \ =» S. P. s. T. protecting switch 

Ti =» oscillograph current transformer ratio approx. *95 to 1 

Ri =* 2 ohm variable resistance 

Oa » standard oscillograph element 1 cm. /50ma. 

G - high-voltage d-c. generator under test 


2. Description of Method for Measuring 
Voltage Irregularities 

This method gives a photographic method of the 
voltage irregularity under investigation by the com¬ 
bined use of an oscillograph, a current transformer, 
and a condenser. Referring to Fig. 1, the oscillo¬ 
graph element 0 2 is that used in the standard type 
of oscillograph, and has a sensitivity of one cm. 
deflection on the screen per 50 milliamperes. In 
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conjunction with this oscillograph element 0 2 is used a 
current transformer T i, so that the minute value of 
primary current composing the ripple may be stepped 
up to a useful value to operate the element 0 2 . A 
condenser Ci of 2 to 3 microfarads is inserted in series 
with the primary of the transformer to prevent direct 
current from flowing, yet allowing the ripple current to 
pass through. This condenser must have negligible 
leakage, else sufficient direct current might pass through 
the transformer primary, thus causing the iron core to 
saturate and thereby prevent the faithful reproduction 
of the voltage irregularities being studied. The switch 
Si is for protecting the element 0 2 and the transformer 
T i, and is always kept closed except during observations 
and photographic recording of the ripple wave form, 


The procedure in obtaining records is first to calibrate 
the element 0 2 , second to take an oscillographic record 
of the ripple, and third to recalibrate the element 0 2 . 
These calibrations are then averaged, and applied to the 
trace of the film taken during calibrations. This must 
be done for each film record to ensure accuracy, as there 
are physical factors which disturb the permanent 
calibration of the oscillograph element. For calibra¬ 
tion, voltages of the proper amplitude and frequency 
corresponding to those inherent in the ripple source are 
used. These can be determined by observations on the 
screen and by simple calculations. 

In manipulation of the apparatus, the frequency of 
the a-c. source is first adjusted to that belonging to a 
certain component of the ripple voltage. The voltage 




and while the element is being calibrated. The variable 
resistance Ri is about two ohms and is used to regulate 
theamplitudeof vibration of element 0 2 . The switch S 2 
is used as a transfer from the unknown ripple source to 
the a-c. calibrating source. G is a generator, with 
separately excited field, whose ripple voltage is under 
investigation. A filter unit is shown connected into 
the high-voltage circuit, but may be removed from the 
circuit if desirable. The calibrating circuit shown 
comprises a sinusoidal source of known frequency with 
the possibility of variation, and a transformer for 
reducing the voltage to a desirable value. This voltage 
is indicated by meter V lt and is then fed to the oscillo¬ 
graph circuit. 


V i as read on the meter is then adjusted by varying the 
supply source until observations show proper amplitude 
of vibration as seen on the scanning screen. 

The amplitude of vibration may be recorded photo¬ 
graphically or measured on the oscillograph screen. 
Examples of those taken by the former method are 
shown in Film No. 1, where a 25-cycle source was used 
for calibration and of Film No. 15, where a 1000-cycle 
source, was used. These calibrations at different 
frequencies are applied to their respective ripple com¬ 
ponents found in the oscillographic trace. It is nec¬ 
essary to apply a different calibration constant for each 
frequency, because the calibration varies somewhat 
with the frequency. 
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In preparation for taking an oscillographic record of 
a voltage irregularity, after the calibration has been 
obtained, Switch S 2 is placed to the left, and the appara¬ 
tus placed in operation for taking a record of the 
generator ripple. The field of the d-c. generator G is 
gradually increased until normal generated voltage is 
indicated. After conditions are steady Si may be 
opened, and the voltage irregularity observed on the 
oscillograph screen. If this is judged satisfactory for 
photographing, a record may be made, care being taken 
to omit no part in the operating procedure of the oscillo¬ 
graph instrument, lest negative results follow. From 
here on the calibration procedure is once again gone 
through as explained previously under calibration. 

In the interpretation of the film records, for obtaining 
the per cent ripple voltage, the question arises as to 
what shall be designated as the per cent ripple. This is 
to be designated as the voltage variation from the 
highest positive peak to the lowest negative peak on a 
trace divided by the average d-c. potential of the 
generator as read on a D’Arsonval instrument. 

As a definition for the components of the ripple 
voltage, the slow speed components will be all of those 
due to grain direction, speed variation, and other 
armature. reluctance variations of any kind, while 
high-speed ripple will be termed that caused by the 
slots and that due to commutation. 

_ In finding the per cent ripple, the low-speed and the 
high-speed components of the ripple voltage have their 
individual calibrations applied, and then, either the 
per cent ripple can be given for each component, or 
added together to give the total. 

3. Voltage Irregularities which Occur and 
an Explanation of Origin of Each 
An analysis of this problem by means of oscillographic 
records proves that the following voltage irregularities 
exist collectively or in part in high-voltage d-c. 
generators. 

(a) Slot ripple. 

(b) Commutator ripple. 

(c) Armature reluctance variation ripple due to 
grain direction in steel. 

(d) Armature reluctance variation ripple due to 
improper physical alinement. 

(e) Speed variation due to improper shaft alinement 
of motor and generator. 

(A) Slot Ripple. Slot ripple is due to resultant pul¬ 
sations in magnetic flux which surge through the arma¬ 
ture windings of the generator, thereby causing periodic 
voltages to appear at its terminals. These pulsations 
arise by virtue of the fact that the slots on the armature 
peripheryaremovingbytheleading, and trailing poletips, 
thus effecting changes in magnetic reluctance and field 
distribution in the air-gap as they do so. It can easily 
be seen that the periodicity of this pulsating electro¬ 
motive force will be the product of the total number of 
slpts times the rev. per sec. of the armature. 


An explanation of the resultant flux pulsation and its 
accompanying induced electromotive force in the 
armature winding can be seen by studying the diagram 
shown in Fig. 2. Here is a developed simplex, singly 
re-entrant drum winding for a two-pole maY»hin<> 
There are eight slots on the armature of this mach inp! 
on which all even conductors are located at the bottom 
of the slots, and all odd conductors located at the top of 
slots, or vice versa. 

Considering the direction of rotation of the generator 
to be to the right (as shown in Fig. 2), the leading pole 
tips will be the left hand edges of the N and S poles and 
the trailing pole tips the right hand edges of the N and 
S poles. 

Now, whenever an armature tooth passes by a leading 
pole tip into the magnetic field there will be a decrease 
in reluctance of the magnetic circuit at this point. 
Correspondingly, when a slot passes by a leading pole 
tip into the magnetic field, there will be an increase in 
the reluctance of the magnetic circuit at this point. 



Fia. 2—Developed Two-Pole Simplex Single Re-entrant 
Drum Winding 

Also, when the above armature teeth or slots pass out 
of the magnetic field from under the trailing pole tips 
the reluctance of the magnetic circuit is changed simi¬ 
larly to those cases explained above. 

Referring to Fig. 2, and especially with regard to 
conductors A B and C D, let us imagine that a tooth is 
passing by the trailing tip of the S pole and at the game 
time imagine that a tooth is passing by the leading tips 
of the N pole. This means a decrease in reluctance in 
both cases. The effect of this change in reluctance will 
be to increase the magnetic flux through the armature 
coils A B and C D. In turn, a pulsating electromotive 
force will be induced in the windings and will appear 
across commutator bars E F and F G. As these coils 
are part of the total number included between the 
brushes B B, this pulsation will appear at the brushes 
of the machine; 

Now, going back a bit, let us imagine that conditions 
were such as enumerated in the above case, except that 
instead of the tooth passing by the leading tip of the 
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N pole, a slot is passing by. Here, in one instance, the 
reluctance is increased and in the other instance, the 
reluctance is decreased. These will tend to offset each 
other. If they are equal in magnitude and oppositely 
directed, no pulsating voltage will be induced in the 
windings A B, and C D, hence no resultant slot ripple 
voltage will appear at the machine terminals. 

The point to be made in the above explanation is that 
slot ripple can be entirely eliminated by proper design. 
This depends on the proper per cent of pole enclosure 
with respect to the armature slots. The distance from 
leading to trailing tips of adjacent poles should be 
proper so as to eliminate the magnetic pulsation enumer¬ 
ated above. Moreover, the pole coverage should be 
such as to include an integral number of slots or teeth. 
Of course, the fringing effect may change this stipula¬ 
tion somewhat, but the condition desired in attaining 
is that there be no resultant flux change through the 
generator windings for the complete obliteration of 
slot ripple. 

A quick test can be made on generators to ascer tain 
whether they will have slot ripple. If the conditions as 
set forth above are existent, there will be no resultant 
variable forces on the armature during rotation due to 
the slots. Keeping this in mind, if an armature is 
slowly rotated by hand, with full field applied, there will 
be no variation in torque. This means that here the 
generator will be devoid of slot ripple. On the other 
hand, if variations in torque occur as the armature is 
rotated, this means unequal changes in the magnetic 
forces at the leading and trailing tips, and hence ripple 
voltages will be inherent in the generator. 

B. Commutator Ripple. Commutation ripple is 
that voltage irregularity arising from the reversal of 
current flow in the armature coils due to the brush 
passing from bar to bar of the commutator. When this 
current is changed in an armature coil, a reactance 
voltage is set up. This reactance voltage must be 
compensated for, else it will appear at the terminals 
of the generator. 

In earlier types of d-c. machines, it was taken care of, 
at least partially, by brush advance, and in modem 
design by interpoles mainly, although even now many 
small machines are built with the omission of the 
interpole feature. 

In order for a machine devoid of interpoles to com¬ 
mutate successfully, the coil undergoing commutation 
is moved into an adverse field. By so doing, a voltage 
is induced in the coil, large enough not only to overcome 
the reactance voltage set up in the coil, but of s uffi cient 
strength to make a current flow in the opposite direction 
in the coil equal in value to the load current. For this 
condition little or no sparking will occur at the, brushes, 
and no voltage is left over to affect the terminal voltage 
of the machine. The disadvantage of this type of 
correction for commutation is that the adjustment holds 
only for a definite load current through the generator. 
Any other value of generator current produces some 


sparking at the brushes and some commutation voltage 
irregularity. 

This drawback is overcome by the use of the interpole 
for commutation purpose. As the strength of the 
interpole is proportional to the load current, the induced 
voltage in the coil under the interpole will thus be 
proportional to the load current, as is also the reactance 
voltage in the coil. Thus, with proper adjustment, 
commutation irregularities practically do not exist. 
Experience so bears out the above statement with 
regard to the advantages of the interpole feature that 
all machines used as d-c. high-voltage sources should be 
equipped with interpoles. 

C. Armature Reluctance Variation Due to Grain 
Direction. There is another voltage variation which is 
noted in d-c. high-voltage generators due to grain 
direction in the sheet steel used for the armature ma¬ 
terial. This grain direction is a property imparted to 
•the sheet steel during manufacture and causes the steel 
to have somewhat better magnetic properties in the 
direction of sheet rolling, than in other directions. 
Thus, this permits pulsations in the magnetic circuit 
as the armature rotates, and therefore ultimately affects 
the terminal voltage of the generator. 

In the use of sheet steel for armature laminations, 
certain methods of manufacture are employed in the 
stamping of the armature laminations and in the fabri¬ 
cation (construction) of the armature from these 
laminations. Usually, where small di-c. motors and 
generators are concerned, the armature generally 
consists of a single lamination stamped from a piece of 
sheet steel. Moreover, a place for a keyway is incorpo¬ 
rated in this lamination by having the punching die so 
made as to cut out a rectangular place in the steel. 
At the factory where these laminations are punched, 
the sheet silicon steel is fed into a m achine at one end, 
and the lamination stamped out of this material, the 
lamination being always stamped in the sarfie relative 
direction with respect to the grain of the material. 
This direction is usually along the longest dimension 
of the sheet. Hence, all the laminations, when 
stamped, have the same relationship between the 
direction of the grain in the sheet steel and the slot 
made for the keyway. ....... — .. 

Now, it can be seen that when these laminations are 
all assembled in the form of an armature, the magnetic 
properties of the armature are going to be somewhat 
better between those points which include the lina 
coincident with the grain direction, than with any other 
direction. Thus, with an armature of this type (and 
up to this time all small armatures are built up of a 
stack of single disks with slots and keyway stamped 
therein) there will , be a pulsation in the reluctance 
between the pole faces as the armature rotates. This 
pulsation will cause a variation in the flux threading 
the armature, the rate of pulsation being determined by 
the speed and number of poles of the machine. The 
period will be twice the rev. per sec. of the machine 
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because it must be noted that for every revolution of 
the armature the grain direction is coincident with the 
line of the poles twice, considering a two-pole machine. 
Thus the periodicity of this variation will be twice 
the product of the rev. per sec. times half the number of 
poles. Good examples of this are Films Nos. 16, 20, 
and 24. These all show this grain direction voltage 
irregularity, and are examples of four-pole generators. 
The periodicity of this voltage irregularity proves to be 
as stated above, i. e., the rev. per sec. times hal f the 
number of poles. While these few films show in a very 
pronounced fashion the effect of grain on the terminal 
voltage of a generator, every film included herein shows 
this effect to a greater or less extent. 


irregularity would be four times the product of the rev. 
per sec. times half the number of poles, instead of twice 
as in the preceding explanation. A striking example of 
this is afforded by Films Nos. 17 and 18, and all subse¬ 
quent films taken with motor generator set No. 3. 
Here the pulsation, due to grain direction, is twice the 
frequency of what would be expected with a large 
diameter armature. Owing to the fact that the diam¬ 
eter of the shaft of this generator is nearly 30 per cent 
the armature diameter, this accounts for the doubled 
periodicity of the magnetic pulsation. 

In connection with the effect of grain direction, the 
following may be pointed out. If the generator is of 
the interpole type, there will be an additional point of 




While in general the magnetic path from pole to 
opposite pole through the armature is best when the 
grain direction in the armature laminations is coin¬ 
cident with a line through the centers of these poles, 
nevertheless a digression from this condition is some¬ 
times existent. For machines with very small 
armatures it may happen that on account of the diam¬ 
eter of the shaft being comparable with that of the 
armature, the path of least reluctance of the armature 
and poles does not occur when the grain direction is 
coincident with a line through the centers of the twain 
poles, but occurs both before and after this position is 
reached. In this case, the periodicity of this voltage 


minimum reluctance besides that stated above and this 
will have some relationship with the grain direction of 
the armature and a line through the centers of the inter¬ 
poles. This reluctance variation, unlike the one above, 
may or may not produce a voltage irregularity, de¬ 
pending on certain factors such as the design of the 
machine. What can happen is that the wave form of 
the voltage irregularity may change with load, as the 
magnetomotive forces acting, and the flux distribution 
at no load are different from those acting at various 
loads. These magnetomotive forces can disturb the 
flux distribution in the air-gap and in conjunction with 
the grain direction, bring about a change in wave form 
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of the ripple. The effect of these magnetomotive 
forces with an interpole machine is much more likely 
to disturb the flux configuration in the air-gap than with 
a machine devoid of interpoles. 

A description of the effect of grain in a machine can 
be better elucidated, perhaps, by means of Figs. 3, 4, 
and 5. Fig. 3 shows a two-pole interpole machine with 
the grain direction indicated. 'When the grain direc¬ 
tion is in line with the main poles, the reluctance of the 
magnetic circuit is minimum, and is somewhat greater 
in all other positions of the armature. Fig. 4 shows the 



3 


field distribution under the main poles. As the ma¬ 
chine rotates, and the grain direction comes under 
position A, Fig. 4, there is a sudden increase in magnetic 
flux. This flux surges through the generator winding 
and induces a voltage as shown in Fig. 5, at position D. 
When the grain direction reaches B, the flux increase no 
longer is taking place, hence there is no electromotive 
force induced in the generator winding. This is the 



Fig. 4 


point where the ripple voltage is zero, (position E, 
Fig. 5). Later on when the grain direction reaches C, 
Fig. 4, there is a diminution in the ma,gnetie flux, and' 
hence an electromotive force of opposite polarity is 
induced in the generator windings &s is indicated by 
position F, Fig. 5. Throughout the remainder of the 
revolution an exact repetition of the above changes 
takes place. Examples can be seen by examination of 
any of the records presented herein. In particular 
Film No. 2 bears out this explanation. 

D. Armature Reluctance Variation Due to Improper 
Physical Alinement. If an armature is not running 
true, so that the armature periphery and the field bore 
are both eccentric to the shaft, then the conditions 
represented may be such as to produce a reluctance 
variation, and so a voltage irregularity. Also, if the 
armature shifts to and fro longitudinally, so that the 
pole face does not always cover the ends of the armature, 
the effective flux acting through the armature windings 
may be reduced at certain instants, causing voltage 


irregularities. The periodicity of the former will be 
equal to the rev. per see., whereas that of the latter may 
be some integral number times the rev. per see. 

E. Speed Variation Due to Improper Shaft Alinement 
of Motor and Generator. As the steadiness of the 
generated d-c. voltage depends on the constancy of the 
generator speed, any factor causing variation in speed 
will influence the terminal generated e. m. f. A few 
possibilities can be mentioned as first, a variation in 
motor speed, second, a variation in torque on the 
generator armature, and third, misalinement of the 
motor and generator shafts. It is this latter factor 
that sometimes may play an important part in causing 
a voltage irregularity, sometimes being the greatest in 
magnitude, compared to any other. 

This may come about, if the shafts of the motor and 
generator are out of alinement, and a flexible coupling 
connects them. What takes place is that a to and fro 
oscillation is set up, due to the pliable material of the 
coupling flexing during certain parts of the shaft revo¬ 
lution. A little later, this flexure changes, and this 
pliable material between the two faces of the steel 
couplings takes on another configuration. The contact 


Fig. 5 

points between the leather and the couplings are con¬ 
tinually changing their effective radii, and fluctuations 
in speed arise thereby. Immediately upon alinement of 
the shafts of such a motor generator set, the voltage 
irregularity due to this cause disappears. 

5. Oscillographic Records of Voltage 
Irregularities in High-Voltage D-C. Generators 

Herewith are presented examples of oscillograph 
records of voltage irregularities taken by the method 
described in this article. The records were taken from 
generator sources used as d-c. high-voltage supplies for 
radio equipment. These films show quite a few un¬ 
expected phenomena, and each film will be described 
separately as almost every record brings out and sub¬ 
stantiates some particular fact. 

Concerning the film records, complete data such as 
calibration values of volts per inch, ripple percentage, 
and other facts have all been recorded directly on the 
oscillograph film. 

Film No. 27. The first oscillographic record to be 
presented is that of the generator of set No. 1, taken on 
Film No. 27. This two-pole generator has 30 slots and 
90 commutator segments. It is devoid of the interpole 
feature, and does not have the proper pole coverage 
with respect to the slots for eliminating slot ripple. 
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It is shunt wound, and has a single high-voltage 
commutator. 

With a study of Film No. 27, it can be seen that slot 
ripple exists as is shown by the 30 pulsations occurring 
per revolution of the armature. This is a high-fre¬ 
quency ripple of 819 cycles per second, and is not 
extremely difficult to filter. 

Some commutator ripple is also present due in part 
to the lack of the interpoles, and to the division of the 
winding. This too, like slot ripple, is of high frequency, 
but is not generally of very great amplitude as compared 
with other kinds of ripple. 

The effect of grain direction in the armature can be 
observed and is seen to consist of four pulsations instead 


ing this film record is that of motor generator set No. 9. 
It has 49 slots and 195 commutator segments. There 
are two high-voltage commutators connected in series; 
the machine has interpoles to take care of commutation, 
and has a compound field. 

Slot ripple is non-existent in this machine as the 
design of the pole coverage with respect to the armature 
slots is such as to eliminate it. 

Commutator ripple is also non-existent, principally on 
account of the interpole feature. 

An armature reluctance variation e. m. f. due to grain 
direction, is seen to consist of four pulsations per 
revolution, which is in agreement with the number of 
poles. The amplitude of this ripple increases about 10 




of two as is generally obtained. This is caused by the 
smallness of the generator armature, the machine being 
of only 0.5 kw. rating. This is a slow speed voltage 
irregularity and requires a very large filter to eliminate 
effectively. 

No other irregularities are discernible in this machine, 
and hence indicate either the entire absence or the 

extreme smallness of their values. 

A point to be noted is the variation in the amplitude 
of the ripple with load. In this particular generator, 
the npp!e increased about 30 per cent from no load to 
full load. 

Film No. 16. The four-pple generator used in obtain- 


per cent from no load to full load, and a small amount'of 
saturation effect can be noticed on the full load trace. ' 

There is a slight indication that the speed of the 
machine varies with the revolution of the armature, as 
the peaks of the ripple wave form recorded on the trace 
are not all of the same height. This, of course, may be 
due to slight misalinement of the armature and poles 
rather than due to speed variation. 

Films No. 20 and No. 2If.. These two records were 
taken from the four-pole generator of set No. 8. This 
machine, with the exception of a possible different shunt 
field winding and of more turns per armature coil, is 
exactly similar to the generator of motor generator set 
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No. 9 whose oscillographic record is shown in Film No. 
16. Ithas49slotsandl95commutatorsegments. There 
are two high-voltage commutators connected in series; 
the machine has interpoles and has a compound field. 

Both slot ripple and commutator ripple are non¬ 
existent for the same reasons given in the above explana¬ 
tion for Film No. 16. 

Similarly, as in the previous example, armature 
reluctance variation due to grain direction is seen to 
consist of four pulsations per revolution, which is also 
in agreement with the number of poles of this machine. 
Here, unlike the results shown on Film No. 16, the 
amplitude of this ripple decreases slightly (about 5 per 


greater than that of the 2500-volt generator. If the 
full load traces of these two machines are compared, the 
above fact is substantiated by the greater amount of 
saturation indicated on the trace of the 4000-volt 
machine than is indicated on that of the 2600-volt 
machine. 

Films No. 25 and No. 26. These two records, one of 
which is at no load and the other at full load, were 
obtained from the two-pole generator of motor genera¬ 
tor set No. 5. The machine has 22 slots and the 89 
commutator segments. There are two high-voltage 
commutators connected in series; the machine has inter¬ 
poles, and has a compound field. 




cent) with load and a small amount of saturation 
effect can be noticed on the full load trace, but is not so 
pronounced as it is on the full load trace of Film No. 16. 

In the comparison of generator No. 9 with generator 
No. 8, whereas these machines are so nearly identical, 
yet the former is a 4000-volt 7.5-kw. generator, and the 
latter a 2500-volt 5.0-kw. generator. For continuous 
full load operation, the 4000-volt machine has a 50 deg. 
cent, temperature rise, and the 2500-volt machine has a 
40 deg. cent, temperature rise. 

Obviously, this points to the fact that the electric and 
magnetic loading of the 4000-volt generator is much 


Slot ripple is present in this machine, and the number 
of pulsations per revolution of the armature is 22, 
corresponding to the number of slots. This is due to 
improper pole coverage with respect to the armature 
slots. 

Referring back to machines No. 8 and No. 9, the idea 
might , occur that the reason for the absence of slot 
ripple in these machines is on account of the presence of 
the two commutators in series. If the ripple voltage 
from each commutator were equivalent in wave form 
and 180 deg. out of phase, then the terminal volt¬ 
age would contain no ripple, but as can be seen by 
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consideration of the directions of the generated voltages, 90 deg. relative to each other, while with Films No. 2, 
these voltage irregularities, if present, are in phase, and No. 4, and No. 8, the armature grain direction of the 
add up directly. two generator units was in like direction, relative to 

Thus, in a two-commutator armature, whatever each other. For the former condition, the generator 
voltage irregularity appears across each of the commu- keyways were actually in a 180 deg. relationship, while 
tators, should appear collectively across both when they for the latter condition the keyways were in a 90 deg. 
are connected in series with the d-c. voltages additive, relationship. 

and such is the case with motor generator set No. 5. Attention is called to the fact that when the grain 

_ An armature reluctance variation voltage due to grain direction in the armatures of the two generators are at 
direction appears in Films No. 25 and No. 26, consisting 90 deg. relative to each other, the voltage irregularities 
of two pulsations per revolution, which is in agreement due to grain do not add up directly, but geometrically 
with the number of poles. The amplitude of this at right angles. Hence the ripple should be of a smaller 
ripple increases about 30 per cent with load. magnitude for this condition than when the grain of the 

Here also is some indication that the speed of the armatures is in like direction. This is borne out by 
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machine varies with the revolution of the armature, as 
the successive peaks of the ripple wave, form recorded 
on the trace are of different amplitude. 

Films No. 2 and No. 4, No. 8 and No. U, No. 11 and 
No. 12. These records all appertain to the same source, 
that is, motor generator set No. 11. This equipment 
consists of three units, one motor with two generators. 
These two-pole generators each have 40 slots and 320 
commutator segments. Each generator unit has a single 
high-voltage commutator, interpoles, and a compound 
field. The 7500volts is obtained by connectingthesetwo 
3750-volt units in series. 

Films No. 11, No. 12, and No. 14 were taken with the 
armature grain direction of the two generator uni ts at 


examination of Films No. 11, No. 12, and No. 14, all 
showing a smaller ripple percentage as compared with 
corresponding Films No. 4, No. 2, and No. 8, respectively. 

Analysis of these films discloses the fact that slot 
ripple and armature grain ripple, with a minute amount 
of commutation ripple, are present. Moreover, the 
percentage of ripple and its wave form change with load. 
The wave form is also different for the generator key¬ 
way relationships of 90 deg. and 180 deg. respectively. 
The latter fact is by virtue of the way in which the 
ripple voltage wave forms of the two generators add 
when in series and undisplaced, and when displaced 
from each other by 90 deg. The reason for the change 
in wave form with load is due to the collective influence 
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of the interpoles, armature reaction, and grain direction, 
and the added possibility of speed variation due to 
some factor such as variable motor torque or the effect 
of the coupling. 


Films No. 19 and No. 23. Both of these records are 
taken from aircraft generators, each two-pole maohinp g, 
On Film No. 19, the wave form divulges the presence of 
slot ripple, that of grain direction, and a slight amount 
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of commutator ripple. On Film No. 23 is indicated slot 
rippleand that due to grain direction. The largeness in 
percentage or ripple present in these machines is due to 
the design and to the economy with which the materials 
are used, i. e., the electric and magnetic loading are 
extremely high. 

Films No. 17 and No. 18. These two film records 
were taken from the two-pole generator of set No. 3. This 
machine has a compound field and its armature has 38 
slots and 133 commutator segments. It is devoid of 
interpoles, and so as to ensure reasonably good commu¬ 
tation, the brushes are advanced about 40 deg. in the 
direction of rotation. 

Film No. 17 was recorded without a filter in the high- 


This difference is due to the smallness in armature 
diameter. These same four grain pulsations also 
appear on the full load trace in Film No. 18, but they 
are superimposed on another variation that does not 
occur in the no load trace. The explanation of this 
additional irregularity will be given in connection with 
the next four film records. 

Films No. 28, No. 29, No. SO, No. SI. These four 
records were taken from the same generator as were the 
above Films No. 17 and No. 18. The object was to 
ascertain how the ripple wave form varied as load was 
applied to the generator. Loads of 115 milliamperes, 
250 milliamperes, 480 milliamperes, and 667 milliam¬ 
peres (full load) were applied and the ripple waveforms 




voltage generator supply. Here the slot ripple pre¬ 
ponderates by far over the grain direction irregularity. 
Commutation ripple can be seen here and there on the 
trace, superimposed on the slot pulsations, but with 
regard to amplitude, it is of minor importance. Film 
No. 18 was recorded with the filter in the high-voltage 
generator supply circuit and here the slot ripple has 
been almost entirely eliminated, but the grain direction 
ripple still persists. It should be noted that the no load 
and full load traces on Film No. 18 are somewhat dis¬ 
similar. At no load the grain direction component 
can be noticed as four pulsations per revolution, instead 
of two as would be expected on an average machine. 


recorded for these conditions as shown in Films No. 29, 
No. 28, No. 30, and No. 31 respectively. The cause of 
the great change in wave form and amplitude from no 
load to full load is to be attributed to the misalinement 
of the motor and generator shafts. 

The dissimilarity between Films No. 18 and No. 31 
arises from the fact that the operating condition of 
motor generator set No. 3 was poorer for the latter 
film. This one was taken about a month later so that 
the maladjustment of the set had increased during that 
interval of time. 

For comparison of the above four films, a shaft 
contact trace was included on eaeh film. This was 
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done by having a contactor, attached to the shaft, 
close an oscillograph circuit for a very short interval 
once per revolution. 

One additional fact that may be mentioned is that for 
light loads, the generator armature of motor generator 
set No. 3 apparently shifts longitudinally once every 
two revolutions, as is shown on Film No. 29. 

Films No. 48, No. 44, No. 45, and No. 46. These four 
film records show the ripple wave form of the generator 
of set No. 3, taken with the coupling plates of the motor 
and generator out of alinement by approximately 
1/16 in. Corresponding to Films No. 43, No. 44, No. 
45, and No. 46 are four relationships of the motor 


The recorded wave form shows directly the flux distri¬ 
bution in the air-gap, and indicates how very ragged 
and irregular this can be. With such a distribution it 
is surprising that the terminal voltage of this generator 
is as smooth as shown in Film No. 17, this record 
having been taken without filter. 

For purposes of comparison, it will be noticed that 
the shaft contact trace used as a reference appears to 
have been moved to the right in Film No. 44 by 90 deg. 
electrically over that of Film No. 43, and that of Film 
No. 45 moved 180 deg., and that of No. 46 moved 270 
deg. Here the loop wave form should be used as 
reference, as this is kept intact and the various points on 
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coupling with the generator coupling, namely 0 deg., 
90 deg., 180 deg., and 270 deg. respectively. 

For each of these records, the ripple by inspection is 
seen to be of different wave form, but it must be noticed 
that the grain direction component appears in each 
film unchanged. The component which changes in 
wave form is caused by the pliable part of the coupling 
flexing, thus introducing variations in speed, and 
thereby voltage fluctuations. 

In addition, at this point of the experiment, a one 
turn loop was placed around the armature, the ends of 
this loop being connected to a pair of slip rings. By 
means of brushes, the potential generated in the loop 
was carried to an oscillograph element for recording. 


the ripple traces and the loop traces have the same 
relationship in each of the above four films. 

Films No. S3, No. 34, No. 35, and No. 36. These 
four film records were taken from the same machine as 
above, that of motor generator set No. 3, but with the 
couplings on the shafts of the motor and generator 
placed in good alinement, and with the above four 
relationships of the motor coupling with the generator 
coupling, i. e., 0 deg.,. 90 deg., 180 deg., and 270 deg. 
The voltage irregularity which appears on these four 
films is naainly that of grain direction variation, the 
other components of ripple present in the preceding four 
records having been eliminated by proper alinement. 
Moreover, the percentage ripple has decreased about 
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50 per cent as compared with the four previous films, 
This gives an idea of the importance of proper alinement 
of the motor generator set. 

Films No. hi and No. h2. Here the generator brushes 
were retarded the distance of 5 commutator bars from 
their normal advanced position, and two records taken, 
one at no 'load, and one at full load. The former shows 
a small amount of commutation ripple, which disappears 
when load is placed on the machine. In addition the 
loop indicates the voltage induced in individual arma¬ 
ture coils, and shows the sudden small irregular changes 
in flux which are continually taking place. 

Films No. 38 and No. 39. Film No. 38 was taken 
with normal brush advance, while Film No. 39 was 
taken with the brushes advanced a distance of 5 com¬ 
mutator segments beyond this position. Here a volt¬ 
age irregularity appears with 19 pulsations per revolu¬ 
tion, corresponding to half the number of slots. This 
gives some indication of the importance of having the 
brushes set for the proper condition of commutation, 
whether the generator is either of the non-interpole type 
or a machine with interpoles. 

Film No. 21. This film was added by way of paren¬ 
thesis, since it is a record of the wave form of a six-phase 
kenotron rectifier rather than that of a generator. 
There is one trace showing the no load ripple at 6200 
volts direct current and the other trace at 5400 volts 
with 5.12-kw. load. Though the power supply fre¬ 
quency is 25 cycles per second, the frequency of the no 
load trace is 50 cycles per second. The light load trace 
shown is somewhat irregular, but is at a frequency of 
25 cycles per second. With additional load the ripple 
becomes sinusoidal at a frequency of 25 ’cycles per sec¬ 
ond and its amplitude increases. 

Conclusions as to Desirable Features in D-C. 
Generators for Minimizing Voltage 
Irregularities 

This investigation of voltage irregularities has shown 
that ’it is desirable to have the following features in¬ 
herent in d-c. high-voltage generators: 

1. ■ The armature laminations should have their 
grain oriented in various directions normal to the shaft, 


so as to cause the armature reluctance to average to 
uniformity. In the case of circular punchings for small 
machines, this orientation of grain will permit cross 
flux from one plate to another, due to permeability 
difference, with the accompanying slight increase in 
eddy current losses, but this will not be of a serious 
nature. For segmental punchings as used on large 
generators, the grain direction should parallel the 
teeth, on account of the high teeth flux densities 
used. 

*2. Proper design as regards pole coverage and 
armature tooth and slot dimensions should be employed 
in the physical make-up of the generator so as to 
eliminate slot ripple. 

3. All generators to be used as high-voltage d-c. 
supplies should have interpoles, as the characteristics 
of machines so equipped are much better than the 
non-interpole machines both from the standpoint of 
commutation and voltage irregularity. 

4. Motor generator sets should have a coupling of 
such design and characteristics so as not to produce side 
shifting of the generator armature under fluctuating or 
continuous load. Moreover, the coupling should not 
affect the generator speed and cause periodic fluctua¬ 
tions therein. 


Discussion 

L. V. Bewley: On page 1070, Mr. Fetsch gives five causes of 
voltage irregularities: 

1. Slot ripple, 

2. Commutator ripple, 

3. Armature reluctance variation ripple due to grain direc¬ 
tion in steel, * 

4. Armature reluctance variation ripple due to improper 
physical alinement, 

5. Speed variation due to improper shaft alinement. 

To these may be added: 

6. Ripple due to the oscillation about its mean position of the 
belt of conductors between brushes. 

Mr. Fetsch’s study is experimental. It is of interest to see if 
these ripples can be calculated, and to consider how they may be 
eliminated. In my paper, Induced VoUage of Electrical Machines, 
(A. I. E. E. Teams., Vol. 49, April 1930, p. 466), I gave a general 
equation for the induced voltage of electrical machines having 
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parallel coil sides and in which the flux distribution can be speci¬ 
fied as Fourier series. It is 


E =~ 2L ~%r -15T 2 c ' k Cdk cpk c,k [ 1 

1 


dpk 
d t 


sin k 


(^T~+y“+^+^ i )+(- A ir + 7Tr) fik00ak 

( - -h 7* + + ^*) J 

in which the C ’s are the harmonic reduction factors due to skew, 
pitch, belt distribution, and phase connection; k is the order of 
the space harmonic, fik the kth. harmonic of flux density, y k its 
position, and x Q the position of the phase belt. The other fac¬ 
tors are defined in the paper, but are not pertinent to this dis¬ 
cussion. There are thus three ways in which a voltage can be 
induced in the windings: 

1. Pulsation of the flux harmonics as standing waves dfik/dt 

2. Rotation of the flux harmonics as traveling waves d y k /d t 

3. Rotation of the armature conductors at speed d xo/d t 

The first four causes of ripples in d-c. generators are due to 


dftk/dt and the other two causes to speed variation d Xn/d l m 
Now it happens that'the frequency of the commutator ripplo 
b and the belt oscillation ripple f are the same,, but since they are 
due to different causes, if the harmonic reduction factors aro 
adjusted for the cancellation of the kth. harmonic voltage when 
caused by d fi k /d t it does not follow that this voltago will bo 
cancelled when due to d x Q /d t. 

A complete analysis of the ripples in d-c. generators involves 
flux plots of the field form for different relative positions of the 
slots with respect to the poles, the specification of the instantane¬ 
ous distribution as Fourier series, and finally the numerical 
solution of the general equation at enough successive points so 
that the ripples can be plotted. 

J. T. Fetsch, Jr. : The additional voltage irregularity that Mr. 
Bewley mentioned was not discernible on the records obtained 
in my tests. Perhaps the ripple obtained by the oscillation of 
the belt of conductors between brushes about its mean position 
would be more pronounced in machines of low voltage, with an 
armature of just a few slots, coils, and commutator bars. 

It is of interest to note that some of the records of ripplo show 
only that of grain direction effect. Since this can bo eliminated 
by various degrees of orientation of the armature lamination, it 
should be possible to design d-c. generators devoid of ripplo 
e. m. fs. 



Cooperative Courses—Their Development 

and Operating Principles 

BY KARL L. WILDES 1 

Member, A. X. E. E. 


Synopsis .—The Cooperative Idea has been the motivating spirit 
in the various attempts to bring together the educational and indus¬ 
trial elements in engineering . The outstanding milestones of 
progress in this undertaking are the “Sandwich System ” of Scotland, 
the establishment of shops in schools , the rise of educational oppor¬ 
tunities in industrial concerns, the report of Sir William White's 
committee of practising engineers and educators in England, and 
finally, the conception and inception of the cooperative courses at 
the University of Cincinnati and at the Massachusetts Institute of 
Technology . 


< I THEORY is the commander, practise the soldiers, ’ ’ 

| said the far-sighted Da Vinci. The cooperative 
idea, or the principle of coordinating theory with 
practise, has struggled for expression down through the 
ages. As time goes on, it is bound to express itself with 
increasing forcefulness, and at the present time effective 
applications of the principle are in use in this country, 
especially in the field of engineering education. With 
the growing interest in the relative functions of the 
technical colleges and the electrical industries, it would 
seem to-be timely that a review of the development and 
operating principles of this type of training be presented 
before the Institute. 

The Cooperative Idea—Development 

The Antagonism between Theory and Practise. The 
engineering profession arose out of the crafts, and 
naturally enough the early engineering processes were 
the craftsman's rule-of-thumb methods. Such empiri¬ 
cal information as was found practicable was handed 
down and augmented by later engineers, and thus was 
the fund of engineering knowledge built up. Practise, 
then, was the only means of entrance into this profes¬ 
sion, and it became the custom for young men, usually 
with little scientific education, to serve several years 
as apprentices with their elders, after which they might 
be recognized as civil engineers. For many years the 
young man who had studied the then existing sciences 
was not too welcome in engineering circles, for he was 
bothersome; he had to be divested of his academic ideas 
before he could begin to learn anything practical. The 
cooperative idea was facing, in this situation, the 
apparently insurmountable task of reconciling the 
practising engineering profession with the technical 
college, an outgrowth of the schools of science ip the 
universities. 

Conciliatory Moves. The first gesture of the eoop- 

1. Asst. Professor of Elec. Engg., Massachusetts Institute 
of Technology, Cambridge, Mass. 

Presented at the North Eastern District Meeting of the A. I. E. E., 
Springfield, Mass., May 7-10,1930. 


These courses are taken as examples of two types of cooperative 
course called respectively the “Cincinnati Plan ” and the “M. I. T. 
Plan.” Each of these possesses a structure and a set of operating 
principles determined by the purpose for which it was instituted and 
the conditions under which it is carried out. The operating prin¬ 
ciples of the M. I. T. Plan are discussed in detail in this paper. 
The graduates of both these plans are demonstrating that the results 
sought are being accomplished. 

***** 


erative idea in technical education was probably seen in 
Germany. The notion that boys finishing at the 
“gymnasium” were too immature and lacking in edu¬ 
cational appreciation to make the most of their studies 
in the “polytechnikum,” led to the system of placing 
them in mechanical workshops for at least one year 
before entrance into the scientific school. A certain 
evaluation of materials and methods and an increased 
desire for scientific knowledge were thought to result 
frdm this practise; in fact, the results were so convincing 
that the plan spread into neighboring countries and still 
persists, notably in the higher technical colleges of 
Germany and Scandinavia, as arequirementforadegree. 

The “Sandwich System” came into use nearly a 
century ago, not as an educational move, as some have 
supposed, but rather from financial expediency. Ac¬ 
cording to a Scottish engineer, 2 Scotchmen of former 
generations could not afford attendance at the uni¬ 
versity for more than six months in the year, which 
explains the short six months’ session of the Scottish 
universities. As Glasgow University was one of the 
first to teach engineering science, the short session and 
the large engineering community naturally evolved the 
sandwich system, which gives the student six months 
at the university and six months in the workshop. 
There was no attempt here to coordinate the school 
work with that of the shops, or vice versa, but it has 
been remarked by employers that this type of education 
produces “men who can make a good living.” Here 
the cooperative idea almost came to light. 

The Move of the School toward Industry. Inspection 
and instruction trips into industrial establishments have 
been featured by technical schools in this country from 
the very first 3 (1824). In the case of Worcester Poly¬ 
technic Institute (1868), a small manufacturing plant 
was established on the campus. Skilled journeymen 

2. Captain J. M. Scott-Maxwell, I. E. E. Jl., Vol. 57, 1919, 
p. 466. 

3. “History of Rensselaer Polytechnic Institute,’’ P. C. 
Ricketts, John Wiley & Sons, Ino., 1895, p. 43. 
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were employed and articles of commercial value were 
produced by students and journeymen working to¬ 
gether. About a decade later, instructional shops were 
established at the Massachusetts Institute of Tech¬ 
nology, for the purpose of teaching the fun dam ental 
shop operations, without consideration of factory 
production. Both these types persist in their respective 
institutions and one or the other has been adopted by 
practically every engineering college in this country. 
These, and other moves on the part of the schools to 
develop the industrial side, were prompted by the 
cooperative spirit in them reaching out for the practical. 

The Move of Industry toward the School. But the 
cooperative spirit also reached out from industry 
toward education. This is perhaps best evidenced by 
the establishment of courses of classroom instruction in 
the great manufactories, first for trades instruction and 
later for engineering instruction. The classroom in¬ 
struction provided by the industries has in some cases 
risen to a high type of theoretical instruction, as ex¬ 
emplified by the “Out-of-Hour Courses” of the Bell 
Telephone Laboratories, the “Advanced Course in 
Engineering” of the General Electric Company, and 
the “Design School” of the Westinghouse Electric and 
Manufacturing Company. The establishment of 
scientific research laboratories in the large companies 
was also a decided advance toward recognition of the 
closer relationship between pure and applied science. 

Eminent Engineers and Educators Express Themselves. 
In 1903, a committee of very eminent British engineers 4 
and educators, under the chairmanship of Sir William 
H. White, was appointed “to consider and report. . . 
as to the best methods of training for all classes of 
engineers; it being an instruction to this committee that 
the principle shall be maintained that the education of 
an engineer must include both practical experience and 
scientific training.” An exhaustive inquiry, similar in 
nature to the recent one made by our Society for the 
Promotion of Engineering Education, 6 asking opinions 
of practising engineers and professors, was used as a 
basis of this committee’s 13 recommendations, which 
include the following: a year’s experience in a me¬ 
chanical engineering workshop, termed the “Introduc¬ 
tory Workshop Course,” one academic year common to 
all types of engineering students, in which mathematics 
and mechanics would be stressed, two academic years 
allowing some specialization, and three years of practise 
in a particular field (Civil Engineering, Mechanical 
Engineering, etc.). Finally, if post graduate work 
became desirable, it was to follow the practical experi¬ 
ence. It was also mentioned that for me ch anical 
engineers it might be advisable to place all the practical 
training before the college course, in "which case it was 
very important to provide evening classes, for “other¬ 
wise boys would lose seriously during four or five years’ 

4. Inst. Civil Eng. Proc., Vol. CLXVI, Part IV, 1906, p. 159. 

5. Bulletin No. 13 of the Investigation of Engineering 
Education, S. P. E. E., Dee. 1927. 


suspension of systematic study.” For those who take 
the Introductory Workshop Course only, “the Com¬ 
mittee thinks it is most important that all boys should at 
least maintain their scholastic acquirements.” It was 
also held feasible to cut down the total time by sand¬ 
wiching the practise, as at Glasgow. The greatest of 
the British engineering minds were striving to 
accomplish a plan which was a shadow of the coopera¬ 
tive idea. 

The Idea Born. None of the foregoing arrangements 
merits the cognomen of “cooperative education” as it 
is practised in its most effective forms in America at the 
present time. Finally, in 1906 the “idea” succeeded in 
breaking the shell and appearing as a reality. During 
the years occupied by Sir William White’s investigation, 
Mr. Herman Schneider had conceived the scheme of 
coordinating engineering theory, best taught in the 
schools, with engineering practise, best taught in the 
industries, and he was having difficulty in putting his 
proposal into operation. Great credit is his due, 
however, for his persistent and energetic labors, for 
finally in Cincinnati he discovered an attractive situa¬ 
tion in which he could launch his project. Thus came 
into being the world’s first real cooperative course, 
recognized in America and in Europe alike as the birth 
of the cooperative idea. 

The Cooperative Idea—Operating Principles 

The Cincinnati Course — Aim. The peculiar situation 
into which the cooperative idea was born had much to 
do with the structure and therefore with the operating 
principles of this first course. Cincinnati is a city of 
great industrial plants, like those of the present Cin¬ 
cinnati Grinders, the Union Gas and Electric Company, 
and the Cincinnati Traction Company. It is also a 
public-spirited city having at heart the progress of its 
public institutions, including its municipal university 
as well as its private business enterprises. It is at once 
evident that the local industries furnish not only excep¬ 
tional opportunities for training young men and women, 
but for utilizing their services after they are trained. 
The demand upon the university is therefore chiefly 
for the production of engineers to occupy the responsible 
positions in these industries. To quote President 
Schneider, 6 “The aim of the course is not to make a 
so-called pure engineer; it is frankly intended to make 
an engineer for commercial production.” 

The Cincinnati Plan—Original Structure. Originally, 
the course was laid out to cover six years, alternating 
the student week by week between shop and college 
during the academic year of eight months, and placing 
him in the shops also during the four months of vacation. 
This arrangement gives a total of four years in the shops 
and 24 months in college, as compared with the 32 months 
of the reg ular four-year plan. President Schneider' 

6. ‘‘The Cooperative Course ia Engineering: at the University 
of Cincinnati,” Herman Schneider, Proc. S. P. E. E., Vol. XV, 
1907, p.391. 
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reports that more, rather than less, scholastic work was 
accomplished under the cooperative plan than under 
the regular one, due chiefly to the eagerness for study 
engendered by the contact with shops, and to the fact 
that the boys did some studying on their own initiative 
in the industrial periods. The story of the experimental 
period of this undertaking is most fascinating, 7 and in it 
some important changes took place, as will be seen; but 
with only a passing reference to this story, we will pass 
to the final set-up of the course as it exists today, and we 

First Term Second Term Summer 



Schematic Diagram Showing Cincinnati Plan, 

Legend: CD University. ■■ Industries. W& Vacation. 

Fig. 1—Schematic Diagram Showing Cincinnati Plan 

will call this scheme the “Cincinnati Plan” of coopera¬ 
tive education. Several other prominent institutions, 
about 20 in number, such as the University of Akron, 
Georgia School of Technology, and Antioch College, 
have established courses after this plan. 

The Cincinnati Plan—Present Structure. The present 
structure of the Cincinnati Plan is this: a summer 
practise period is advised previous to entrance to the 
course, and beginning with the fall term of the first year 
the student alternates in four-week periods between 
college and shops throughout the five-year course, with 
four weeks of vacation per year. The shop work is 
coordinated by a staff of coordinators in such a way 
that the jobs whose chief value lies in shop discipline and 
simple operations are given to the freshmen, and those 
requiring more judgment and training are given to the 
upper classmen. These coordinators also hold classes 
in coordination at the University and visit the men on 
the job, in both cases answering questions and pointing 
out important practical and theoretical aspects of the 
jobs. In some cases the employment may be all with 
one concern, but in cases where the work supplied by 
one company is not extensive enough, the student may 
be moved to other companies. Jobs at the plants are 
kept filled by the principle of alternation in pairs, one 
or the other of the students of a pair being held respon¬ 
sible for filling the job at all times while this pair is 
assigned to this job. No university classes are held for 
the students at the shops, but a comprehensive report is 
required of each student upon his return to the 
University. 

The M. I. T. Plan—Inception and Purpose. A plan, 
involving a more intimate application of the cooperative 
idea, differing from the Cincinnati Plan in purpose and 

7. “The Cooperative System of Education,” Clyde W. Park, 
University of Cincinnati Studies, Series II, Vol. XI, Part 1,1925. 


scope and therefore in operating principles, was de¬ 
veloped for electrical engineering conjointly by Mr. 
Magnus W. Alexander, then of the Lynn Works of the 
General Electric Company, and Professor Dugald C. 
Jackson, of the Massachusetts Institute of Technology, 
and was put into operation in 1917. The World War 
interrupted this initial attempt, but it was re-established 
in the summer of 1919 and its administration placed in 
the hands of Professor William H. Timbie. It was the 
result of ten years’ observation of the Cincinnati Plan, 
consideration of European practises and opinions, and a 
careful study of the adaptation of the cooperative idea 
to the needs of the company and the educational 
facilities of both the company and the Institute. The 
purpose was to train a selected group of promising and 
scholarly young men for the technical and executive 
positions of the electrical manufacturing industry. It 
was apparent that the academic training needed by 
such men would involve not only a thorough study of 
the fundamental sciences and the application of those 
principles to the design and operation of machines, but 
at least an additional year of post graduate study in 
which creative ability and acquaintance with the 
frontiers of scientific knowledge would be developed. 
It was equally apparent that a prolonged and haphazard 
round of shop duty was a waste of time for the type of 
young man under consideration. For this reason, a 
course of “Manufacturing Practise” was laid out, 
covering the essential details of the manufacturing 
problem from the machine shop through the various 
tests of apparatus, production offices, and engineering 
development and research laboratories. Furthermore, 
a good foundation in mathematics, physics, chemistry, 
English, and drawing, was seen to be necessary before 
entering this coordinated course in theory and practise. 
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Fig. 2—Schismatic Diagiiam Showing M. I. T* Plan 


The M. I. T. Plan — Structure. In view of the above 
considerations, the Cooperative Course in Electrical 
Engineering, known at the Institute as Course VI-A, 
was constructed as follows: The successful completion 
of the first two years of basic scientific and humanistic 
studies is required for entrance to the cooperative years. 
At the beginning of the summer following the second 
year, the class jointly selected by the cooperating 
company with which the particular students will be 
related for three years, and the Electrical Engineering 
Department of the Institute, is divided into two groups, 
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designated Groups A and B, Group A remaining at the 
Institute and Group B going to the industrial plants. 
The groups alternate between industry and the Institute 
at the end of each academic term, fitting into the reg ula r 
Institute calendar of studies, activities, and vacations 
when at the Institute, but responsible to their company 
during the complete term while on industrial assign¬ 
ments. The project includes continued scientific and 
general study, and instruction by members of the 
Institute staff, for students at the Works. The two 
groups are reunited at the Institute for the final term 
of the graduate year, during which they complete the 
requirements for the Master’s degree. This last term 
away from industry places the student in an unbiased 
atmosphere at the time he is considering permanent 
employment, and promotes class activities preceding 
and including the commencement season. This plan 
has been called the “M. I. T. Plan,” and has been 
adopted also by the Civil Engineering Department of 
the Institute in cooperation with the Boston and Maine 
Railroad, and is pending adoption by one or two other 
institutions having good graduate departments. We 
shall now discuss some of the operating principles of this 
plan, with special reference to Course VI-A. 

The M. I. T. Plan—Operating Principles. It is 
desirable, although not requisite to the successful 
operation of the M. I. T. type of cooperative course, 
that a non-cooperative course carrying in its curriculum 
the same scientific training, be maintained for the 
following reasons: 

1. In cases of more mature or experienced men 
coming out.of industry for training in the fundamental 
sciences, it is usually advisable for them to pursue these 
studies as rapidly as is consistent with their ability and 
preparation. In some instances these men take heavier 


studies for themselves, and are not attracted by the 
works experiences at the time. 

In some institutions operating on the cooperative 
plan only, some of these reasons have become urgent and 
are causing a serious consideration of establishing a non- 
cooperative, or “full-time” course, in parallel with the 
cooperative course. 

The cooperating company must meet the following 
specifications for the M. I. T. cooperation: 

1. It must be large enough and complete enough in 
its organization, training facilities, and range of produc¬ 
tion to provide a comprehensive course in its particular 
field. While a small company may be intensely inter¬ 
ested in the project and may give very excellent experi¬ 
ence in a limited field, the more important considerations 
involved in the organization and administration of a 
large enterprise and association with multifarious but 
related production cannot be gained'. This point is 
well illustrated by a comparison of the small and the 
large manufacturing companies. A small concern tends 
to produce artisans, men who become adepts in some 
narrow field such as die-making, for example. It is an 
incorrect principle, however, to confine the early 
practical education to a highly specialized phase of a 
business. A general course in a well-ordered machine 
shop would give a broader view of this class of work and 
a good foundation upon which die-making or any other 
specialty could be built subsequently. Certainly the 
contact with the several departments of a large manu¬ 
facturing concern with its diversified problems of 
materials, processes of fabrication, research, and per¬ 
sonnel, will give a young man, under competent direc¬ 
tion, a practical equipment for a professional career 
far superior to that obtainable in a small factory under 
the best possible conditions. The modem trend toward 


schedules than would be advisable for younger men, and 
by continuing their studies through the summers, they 
may return to their employment in the minimum 
possible time. 

2. Ten per cent of the students in electrical engineer¬ 
ing (1928-’29) at M. I. T. have come from foreign 
countries and a large proportion of these intend to 
return to their home countries after completing their 
technical education. The cooperating companies can¬ 
not as a matter of policy take these students into train¬ 
ing, except by special arrangements in case they have 
foreign departments. 

3. Some students cannot meet the physical or 
certain personal requirements of the cooperating 
companies, but are otherwise qualified to carry on 
engineering study. 

4. Many students transfer to the Institute in the 
fourth year, too late to include a substantial course in 
industrial practise. 

5. Many students desire an undergraduate engineer¬ 
ing education but are neither desirous nor qualified to 
pursue graduate work; others prefer the scientific 


consolidation also suggests the importance of seeing 
commercial problems in the large. 

2. The company must be competent and willing to 
assume its share of the responsibility in the administra¬ 
tion of the project. This is probably the most vulner¬ 
able spot in the whole plan, and unless a responsible 
officer of the company constantly sees that the practical 
program is carried out, the ideals of the cooperation will 
not be realized. This company responsibility also 
means more than the interest of one man; it means the 
interest and effort of the whole organization from the 
president to the foreman under whom the students 
work. 

3. The company must have a specific need for the 
type of man trained. If this is not the case, it is training 
men only for competitors, or at best for other concerns. 
Plainly enough, this is not good economy and cannot be 
justified on any ground except possibly that of creating 
good-will. Moreover, if there is no interest in the 
product, there can be little interest in its making, which 
means that eventually the cooperation must terminate. 
If, on the other hand, a substantial number of out¬ 
standing men is added to the organization from year to 
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year from this course, the course will be highly respected 
and will continue to be well administered. 

These specifications are believed to be met by the 
companies associated with Course VI-A, each company 
occupying a prominent place in a special field of elec¬ 
trical engineering. The General Electric Company 
gives an unexcelled course in Manufacturing Practise, 
including shop work, testing of electrical and mechani¬ 
cal apparatus, factory production studies, and develop¬ 
ment and research on products and manufacturing 
processes. The Public Utility Practise is given in any 
one of three companies, the Edison Electric Illuminating 
Company of Boston, for generation and utilization of 
electric power, the Boston Elevated Railway, for 
electric transportation, and Stone & Webster, Inc., for 
the planning, construction, and operation of various 
kinds of power projects. The Communication Practise 
is given by three component companies of the Bell 
System, the Western Electric Company, Inc., in the 
manufacture and installation of communication appara¬ 
tus, the New York Telephone Company, in the mainte¬ 
nance and operation of telephone plant and the Bell 
Telephone Laboratories, Inc., in the development and 
research in communication engineering, the relation to 
the three communication companies being coordinated 
by the American Telephone and Telegraph Company. 

Similarly, the educational institution must match the 
above specifications with the following: 

1. It must maintain an adequate and competent 
staff of teachers, administrators, and scientific investi¬ 
gators, classroom and laboratory equipment, and 
undergraduate and graduate educational program suf¬ 
ficient to provide the technical and cultural ground¬ 
work for the engineering profession in general, and for 
the better present and prospective industrial positions 
in particular. The cooperative method does not reduce 
to any considerable extent the necessity for laboratory 
facilities with which fundamental principles can be 
demonstrated and original research carried on. 

2. It must of course not only carry the entire 
administration of the course while the students are in 
academic residence, but also must enter thoroughly 
into the cooperative spirit in the administration of both 
the academic and practical content of the curriculum. 
This cooperative spirit brings about an interchange of 
ideas, beneficial to the participating organizations as 
well as to the students. Through the medium of . 
student theses, investigators of both institutions lend 
their aid to the solution of industrial scientific problems. 

3. The educational institution must be situated not 
too far away from the cooperating industries. An 
expensive practise of transferring students several times 
over long distances would not be economically justified, 
and would give them an erroneous evaluation of their 
own importance. This does not mean that for the 
long-term arrangement the distance could not be so 
great as a night’s train journey, but it should exceed 
this distance only in cases of special assignments toward 


the end of the course. Besides the interchange of 
students between employment and college, there is the 
necessity for frequent conferences on the part of ad¬ 
ministrators, and these are facilitated by the close 
proximity of the institutions represented. 

Before a student is accepted for this cooperative 
course of training, he must successfully complete the 
first two years of groundwork in mathematics, physics, 
descriptive geometry, drawing, chemistry, and English. 
These have been termed the a b c’s of engineering and 
ought to be well in hand before the principles of design 
and operation of electrical and mechanical apparatus 
are undertaken. It has been found the best policy at 
M. I. T. to concentrate on such basic subjects in the 
first two years, for upon these rests the whole structure 
of engineering. If a man cannot master these a b c’s, 
he should not be encouraged to pursue a course of 
theory and practise, the successful completion of which 
rests.so heavily upon this foundation. These two years 
also serve as an orientation period during which the 
requirements and opportunities in the several fields of 
electrical engineering are brought to the students in 
personal conferences with members of the teaching staff, 
in lectures by the president and heads of departments of 
the Institute and by men from the industries. It is 
upon the achievements of this two-year period that the 
Electrical Engineering Department bases its recom¬ 
mendations to the cooperating companies. 

Late in the sophomore year, the candidates recom¬ 
mended by the Department of Electrical Engineering 
of the Institute are interviewed by representatives of the 
company with which the cooperative training is desired. 
The qualifications sought by these company representa¬ 
tives are in general the same as those considered impor¬ 
tant for regular permanent employment. Good health, 
good physique, strong personality, initiative, ability to 
cooperate, and adaptability to the work of the particular 
organization concerned, are qualities of importance in 
this selection. The companies are not expected to 
accept students who are reasonably sure of eventually 
going with other concerns, or upon whose future services 
they can see no probability of substantial returns. The 
mutual obligations of student and company cease, 
however, at the end of the course. 

Although no contracts are signed, a company agrees 
to complete the training of each student it starts, except 
in cases of faulty conduct, and in return it is understood 
that under normal conditions a student is to complete 
his course of training with the company. This mutual 
understanding is necessary to the stability of the course. 

The rates of pay for students in cooperative training 
are substantially uniform among the companies, slight 
compensations being made for variations in living 
expenses in different localities. In order to insure the 
transfer Of students from one job to another on the 
basis of the best educational value, it is held to be 
essential that the rate of pay be fixed according to the 
class in which the student is registered, rather than 
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determined by prevailing rates for the kind of work he 
does. In several cases, students have been recom¬ 
mended by their foremen for advances in pay in recogni¬ 
tion of exceptional ability or interest. Such advances 
are not allowed, as the student will soon be moved to a 
new job, but the incident is usually related to him by 
way of encouragement. A student’s achievement in 
any cooperative assignment is recognized by the grade 
given in Industrial Practise, and this record is as much a 
requirement for graduation as a subject taken while at 
the Institute. Special coveted research or development 
assignments are often given as rewards for outstanding 
achievements or exceptional ability. The average 
total amount of money earned per student during the 
four cooperative periods is about eighteen hundred 
dollars. 

During the Institute periods, the curriculum calls 
for a normal schedule of 48 hours per week. It is 
essential that the required load be normal, since over¬ 
crowding tends toward abbreviation and superficial 
work. Furthermore, a fair proportion of the men like 
to add to their normal schedule the courses of the 
Reserve Officer’s Training Corps, or such general 
studies as the humanities, appreciation of music, etc., 
while others are interested in student activities of 
educational and broadening character. Several are 
members of the Electrical Engineering Honors Group, 
the object of which is to allow the men with acute 
intellects and sound judgment to study their required 
subjects most economically by permitting them to 
determine for themselves the amount of illustrative 
problem work and class attendance essential to their 
mastery of these subjects. The Honors men take the 
same quizzes and examinations as the other students, 
but pursue their studies with the counsel of a member 
of the Electrical Engineering Department, who directs 
their attention to more extended studies in the subjects 
of the curriculum or allied topics. Practising engineers 
and employers of engineering graduates are urging these 
types of broadening influences upon the engineering 
schools, but if the essential scientific and required 
cultural studies are all crowded into the Institute 
periods, no room is left in a five-year course for these 
desirable extra features.' A six-year course is not 
proving attractive, although it has many points to 
recommend it, but fortunately it has been found prac¬ 
ticable to accomplish a normal required Institute 
schedule by introducing studies at the plants. 

During the practise periods, additional studies are 
required to the amount of eleven hours per week, 
classroom and study. Two subjects are conducted by 
members of the Institute staff on two afternoons or 
evenings each week after working hours. One of these 
subjects is given by the Department of Electrical 
Engineering and is classed as a scientific subject, and 
the other is given by the Department of English and 
History and is classed as a humanistic subject. Thus, 
the “Principles of Electrical Engineering” are studied 


almost continuously during the cooperative yeans, and 
such cultural subjects as “Modern Forms of Literature” 
are given while the men are in the more practical 
atmosphere of the plants. Cooperative arrangements 
often meet the criticism that they develop a materialis¬ 
tic attitude in the students, but examination of the 
results obtained under these conditions shows no such 
results. Besides the accomplishment of a whole term’s 
study during the four periods at the plants, this plan 
performs the very important function of teaching men 
to use their spare time to advantage while in industry; 
that is, the studies are carried into the industries to 
produce in the young man as a worker correct habits of 
budgeting his outside time, and not to give him the 
status of a schoolboy at work. Another outstanding 
result of studies at the works is the alertness with which 
students assume the full Institute program. The two 
subjects in each Works term give enough mental 
exercise to keep the men’s minds active, and yet not 
enough to fatigue them. 

Close coordination must be maintained between the 
two kinds of work, academic and practical. This does 
not mean necessarily that every practise period must 
contain the practical application of the scientific 
principles of studies during the next preceding term; 
in fact, in some cases it is desirable to reverse this order, 
and make the contacts with certain apparatus a stimulus 
for the study of its principles of operation. This is not 
an argument, however, for a general laxity in coordina¬ 
tion of theory with practise. It is desirable that these 
go hand in hand, each stimulating interest in the other. 
One of the important functions of the administrative 
officers of both the school and the company is to make 
sure that students take proper attitudes toward their 
work, and use their opportunities to observe the broader 
policies of the company, such as the inter-relations of 
departments, economic structure, and problems of 
personnel. In Course VI-A, members of the staff 
of the Department of Electrical Engineering work with 
administrative officers of the companies to see that the 
men are fitted, by age, temperament, and educational 
background, for the various jobs, in order that the 
greatest educational value may be gaine d. 

Vacations average about five weeks a year during the 
cooperative years, and students are encouraged to take 
full advantage of these periods for rest and recreation. 

A vacation period never precedes an Institute term. 
This allows the student to take full advantage of the 
mental activity engendered by the two subjects pursued 
at the plants, as he swings into a full schedule of aca¬ 
demic study. 

Values of the Project. The ultimate value of the 
course to all parties concerned is best measured by its 
value to the students. Some of the chief benefits to the 
students are the following: 

1. The regular four-year undergraduate course in 
Electrical Engineering plus an academic year of gradu- 
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ate study are accomplished in five years without 
condensation of Institute schedules. The Master of 
Science and Bachelor of Science degrees are awarded 
for this work. 

2. In addition to the scholastic attainment, each 
student spends fifteen months, during the three years 
just prior to graduation, in a well-ordered course of 
practical training with one large company, where he 
learns to correlate fundamental scientific principles 
with their method and scope of application. 

3. The opportunity to study the personnel relation¬ 
ships in organized industry provides a real course in 
industrial psychology; which should develop in the 
student a sound philosophy of organization and 
management. 

4. A company loyalty is developed which is essential 
to the young man’s progress and his value to any 
organization in which he is employed. 

5. The whole cooperative scheme forces the student 
to evaluate his own personal characteristics, such as 
tact, persuasiveness, creativeness, cooperative ability, 
mechanical aptitude, and power of concentration, thus 
tending to improve his personality. 

6. Valuable habits of evening study are attained, 
which persist after the young men leave college and 
obtain responsible positions in engineering. 

7. Valuable acquaintances are formed with leading 
figures in a great industrial organization. 

Other Examples of Alternating Study and Practise. 
The principle of alternating school and employment is 
becoming widely used. Several years ago it was intro¬ 
duced into the secondary schools of Fitchburg, Mass., 
and has since come into prominence in the Boston 
schools and those of other cities throughout the country. 
This principle is being applied in colleges of liberal 
and practical arts as at Cincinnati and Antioch. Some 
other examples approaching the cooperative idea are: 
Worcester Polytechnic Institute where 15 months of 
practise is advised between the junior and senior years, 
and the Pratt School of Naval Architecture at the 
Massachusetts Institute of Technology in which 
students work in the near-by navy yards during summer 
vacations. Tbe School of Chemical Engineering Prac¬ 
tise of the Massachusetts Institute of Technology 
represents still another variation of the cooperative 
feature. This school offers a graduate course, leading 
to the Master's degree and consisting of six months of 
plant study and testing at field stations of the Institute, 
■established in the chemical industries, followed by six 
months advanced study at the Institute. This School 
•of Practise is also made available to undergraduates 
pursuing studies leading to the Bachelor’s degree only, 
by a special arrangement Of the fourth year in which 22 
weeks are spent in industry. 

The outstanding features and points of difference of 
the Cincinnati and M. I. T. plans may be summarized 
as shown in the following parallel columns: 


Cincinnati Plan 

Bachelor’s or professional de¬ 
gree in five years. 

All students cooperative. 

Cooperation extends entirely or 
nearly throughout course. 

Course in practise laid out by 
coordinators in college. 


Classes discontinued at works. 

Each student may be trained 
with several companies. 

Short alternation periods (2 to 
6 weeks). 

Each unit of study spread over 
several short college periods. 

Practical training greatly af¬ 
fected by business conditions. 


M. I. T. Plan 

Bachelor’s and Master’s de¬ 
grees in five years. 

Cooperative students selected. 

Cooperation during last three 
years only. 

Course in practise laid out by 
officials of company and pro¬ 
fessional department of the 
college. 

Classes carried on at works. 

Each student is trained with 
one comprehensive company. 

Long alternation periods (15 to 
19 weeks). 

Each unit of study completed 
in each long college period. 

Practical training slightly af¬ 
fected by business conditions. 


A clear understanding of these differences of plan will 
relieve many of the controversies concerning the co¬ 
operative method. For example, the question of long 
versus short alternation periods should be answered 
with reference to a definite situation. If freshmen and 
sophomores are placed in cooperative training,. they 
should not be allowed too long at a time in the material¬ 
istic atmosphere of the shop, but on the contrary should 
be almost continuously under the influence of the 
idealism and imagination fostered at the college. 
Furthermore, if a youth gets a monotonous routine job 
for a long period, as is usually the case in the freshman 
year, he is likely to return to college with a sour attitude 
toward his studies and toward life in general. At the 
other end of the course the practise assignments become 
more interesting and are often important pieces of 
research which ought not to be broken up by the too 
early transfer from the company to college, while the 
work at the college should be pursued in continuous 
units, sometimes under the direction of specialists or 
visiting engineers of renown. If, then, cooperation is 
extended over the whole period, as the student 
progresses from the freshman through the graduate 
years, a change in length of period from four to six 
weeks in the early years to one of a term or more in the 
final years would be desirable. Clearly, from these and 
other arguments, 8 in the “M. I. T. Plan” where it has 
been found desirable to cooperate only during the 
junior, senior, and graduate years, the long term is 
educationally sound, while in the “Cincinnati Plan,” 
where cooperation is placed in the early years, the short 
period becomes a logical policy. 

Results. The writer has had the privilege of visiting 
several of the industrial plants of Cincinnati as well as 
the University, and believes that not only does the plan 
function efficiently but its graduates are filling the 
kind of responsible positions for which they are trained. 
The results of the M. I. T. Plan have been gratifying 
and have substantiated the ideals involved in the plan. 
The gradu ates of Course VI-A have taken prominent 

8. A New Method of Training Engineers, M. W. Alexander, 
A. I. E. E, Trans., VoL XXVII, 1908, p. 1459. 
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places in the engineering and commercial departments, 
and research laboratories of the large manufacturing and 
public utility companies. These men are all young yet, 
the first class having been out of college only eight 
years, but there is unmistakable evidence that they are 
proving the value of their training. 

Discussion 

A. Boyajians (communicated after adjournment) I have had 
the opportunity of watching at very close rarige the progress of the 
M. I. T. cooperative students in a large manufacturing plant and 
have seen splendid results from the system. In addition to the 
many obvious advantages of the cooperative system, which need 
not be repeated here, I have observed that such a system opens 
the door of opportunity to the student considerably earlier and 
puts him in a strategic position to avail himself of the best avail¬ 
able opportunities for advanced engineering work as they arise. 

The carrying on of some studies at the works is also very desir¬ 
able. One big benefit that has been mentioned is the develop¬ 
ment of the habit of study while practising, a habit that should 
be carried through life. There is also the added benefit that 
studying, or problem thinking, has a little different tone in an 
industrial atmosphere than in an academic atmosphere, and it is 
desirable that the students familiarzie themselves with both 
tones of analysis before their thinking gets too set. Scientific 
thinking in an industrial atmosphere tends towards physical 
analysis with ideals of simplicity and concreteness with plenty of 
latitude for approximations, while scientific thinking in an 
academic atmosphere tends towards mathematical analysis wi th 
ideals of rigor and completeness with plenty of latitude for 
abstractions. The students should benefit from exposure to 
both, whether or not they develop proficiency in both. 

When systematic studies are carried on at the works, direct or 
indirect facilities automatically become available also for studies 
collateral with the practical work which the students are doing, 
even when the official course of study may be something different. 
The instructor perhaps furnishes the students the necessary 
guidance for such collateral study. 

R. W. Chadbourm (communicated after adjournment) 
Professor Wildes’ discussion of the cooperative student problem 
particularly interests me, because we have in the laboratory of 
the Boston Edison Company men working under both the 
Cincinnati and M. I. T. plans, and have therefore had an unusual 
opportunity to compare the two systems. Of course, no system, 
however great its advantages, is ideal, and while I am heartily in 
favor of the cooperative scheme of education and appreciate 
fully the advantages of the two systems, as outlined by Professor 
Wildes, still I think it may not be amiss to point out one or two 
difficulties which have not been entirely overcome. 

I will designate the school employing the Cincinnati plan as 
School A, that using the M. I. T. plan as School B. Men from 
School A work with us on alternate five week periods during the 
last four years of a five-year course; all their working time is 
spent in one department. Men from School B spend single 
terms of varying lengths in several departments of the company, 
their working periods being confined to the last three years of a 
five-year course. From School A we always have working with 
us a definite number of men who can be rotated through the 
department on a definite schedule. From School B, we have 
occasionally one or more men for an indefinite number of weeks, 
not exceeding three months. Our experience, covering a period 
of many years, has been that men from School A prove valuable 
helpers during their cooperative working periods, that in general 
they are enthusiastic over their work, and that they become 
favored candidates for permanent employment with us. Al¬ 
though their work has been restricted to one department, they 
have become sufficiently reconciled to the routine of business to 
be valuable even in other departments of the company. Their 
lack of variety of experience is made up to a certain extent by 


willingness to tackle any and all kinds of work. Unlike men 
without cooperative experience, who so often have to flounder 
around for a year or two before absorbing the atmosphere of 
business, they adjust themselves immediately to the job. 

The men from School B are divisible roughly into two sorts. 
The first comprises men so keen for knowledge and so alive to all 
the opportunities presented to them that nothing can hold them 
back. Because of their ambition, their willingness to work, and. 
their superior variety of experience and training, they become 
easily the most favored candidates for post-graduation employ¬ 
ment. Undoubtedly, for this class of man, the M. I. T. system 
is ideal, because the system is designed to give him the broadest 
training possible. This very feature is, however, perhaps 
responsible for one of the weaknesses of the system. 

For it appears that there is a second class comprising' men, 
ambitious enough, it is true, but inclining to the belief that they 
are favored individuals, that their wide variety of training and 
experience fits them immediately for executive positions, that the 
routine matters of everyday work are beneath their dignity. 
Now, I would not decry the formation of a superiority complex so 
long as it does not become a “snob complex.’’ Perhaps I may 
seem to be laying undue stress upon this point, but it is serious 
enough to have caused a distinct prejudice in my own department 
against men from School B. Some of these students have 
complained about the nature of their work, have looked down 
upon the more disagreeable tasks, and have conducted themselves 
as though they believed that the company owed them something 
but that they owed the company nothing in return. Some of 
them graduate with the idea that they should immediately 
qualify for executive positions. Obviously the function of 
cooperative education is not to qualify men to start near the top 
but to provide them the means for more rapid advancement 
than their less thoroughly trained associates. 

Perhaps part of this attitude is the fault of the employing 
company, some departments of which may cater too much to the 
men and thereby tend to spoil them; part is undoubtedly due to 
the working schedule, which is laid out largely to benefit the 
student. I do not believe we should cater too much to the 
student. He should, during his working periods, be an employee, 
in every sense of the word, as well as a student; he should be 
made to realize his obligations to his employing company; he 
should be given enough routine work so that he will not develop a 
false sense of superiority over his fellow-employees. I believe 
that this difficulty can be partly overcome by a greater regularity 
of schedule, a redistribution of the working periods to benefit the 
company as well as the student,—perhaps a compromise between 
the Cincinnati plan, under which a student’s experience is 
confined to one department, with frequently an excess of routine, 
and the present M. I. T. plan, under which a man’s time is 
apportioned to various departments largely on the basis of 
benefit to himself, the result being an irregular schedule, with 
sometimes infrequent, sometimes overlapping, working periods 
in any one department. Perhaps the best average results would 
be obtained if the men are given the maximum variety of expe¬ 
rience and training, and still be taught one of the most important 
fundamentals of business life, viz., that all work has some routine, 
and that the widely trained man who shows a willingness and 
eagnerness to tackle anything which may be placed before h im 
is the man who will eventually land on top. I believe that such 
a modification of the present schme might give the student a 
better attitude toward business, resulting in diminished an¬ 
tagonism on the part of the employing company to the student, 
and thereby both student and company would materially benefit. 

D. C. Jackson, Jr.* (communicated after adjournment) 
The cooperative plan is still young in all engineering schools 
using it. The first cooperative engineering class graduated from 
the University of Cincinnati in 1911. Owing to the slowness of 
the industries and the general public to recognize cert a in ad¬ 
vantages of the cooperative system of engineering education, all 
of the early cooperative classes at Cincinnati were small, and 
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other institutions were cautious about adopting this method. 
The success of the graduates of an institution using a new method 
of education is a measure of the success of that method. Up to 
the time of the World War the number of graduates of coopera¬ 
tive engineering schools was too small for one to draw definite 
conclusions with the certainty of accuracy. Since the War the 
number of cooperative engineering graduates has increased to 
such an extent that the advocates of this method now have 
adequate data on which to base their claims. 

There are now quite a number of engineering schools using the 
Cincinnati Plan, either substantially without change, or with 
certain modifications. Some of these modifications cause the 
individual cooperative course to approach in certain aspects 
the M.I.T. Plan. 

Professor Wildes has given nine outstanding features and 
points of difference between the two types of plan. I agree with 
his comparison in the case of five points, namely, items 2, 4, 5, 6, 
and 9, but if the Cincinnati Plan is considered as it is employed 
in a number of engineering schools I am not in accord with him 
on items 1,3, 7, and 8. 

Item 1. There are several engineering schools using the 
Cincinnati Plan which grant a bachelor’s degree in four years. 

Item. 3. In those engineering schools having a four-year 
cooperative course leading to a baccalaureate degree the co¬ 
operation extends through only one or two years. These are 
ordinarily the sophomore and junior years. 

Item 7. Many of the engineering schools conducting co¬ 
operative courses have periods longer than six weeks. At least 
one has a six-week period which can be combined with the 
succeeding period when desirable to have a twelve-week term. 
Others regularly use twelve-week, or even a sixteen-week period. 
The University of Pittsburgh uses a semester of approximately 
seventeen weeks as the basis of the cooperative term. 

Item 8. Those cooperative engineering schools using a period 
of twelve Weeks or more have the curricula so arranged that each 
unit of stiidy is completed in a single college period. 

As the two plans ordinarily are operated at present, the differ¬ 
ence given in item 5 exists. However, this is not a fundamental 
difference when the engineering school is located in an industrial 
city, as is the case of the universities of Cincinnati, Pittsburgh, 
Akron, and Louisville. The question of conducting night 
classes during the cooperative periods, as is done under the 
T* ■ E>lan ’ has been considered by at least one of these 
institutions with no definite adverse decision. 

In my opinion the important fundamental differences between 
the two plans are the following: 


Cincinnati Plan 
. Scholastic work is limited to 
undergraduate studies. 

All students are cooperative 
at some time during the course. 

The course in practise is laid 
out by coordinators of the col¬ 
lege, sometimes with the assis¬ 
tance of company officials. 

Each student may be trained 
with several companies. 1 

Practical training is greatly 
affected by business conditions. 


M. I. T. Plan 

Scholastic work in the last 
year of the course is definitely 
graduate in character. 

Cooperative students are se¬ 
lected. 

The course in practise is laid 
out by officials of the company 
and the professional department 
of the college. 

Each student is trained with 
one comprehensive company. 

Practical training is only 
slightly affected by business 
conditions. 


The other four points are adaptable to either plan. 

There is no single best plan of cooperative engineering educa¬ 
tion. The form to be used is dependent upon many factors. 
Some of these are: 

Whether the college is a privately endowed, a state, or a 
municipal institution. 

Whether it is an independent polytechnic institute or the 
engineering school of a university. 

Whether it is a large institution drawing a sizable proportion 
of its students from all parts of the country, a large or medium- 
size institution with the large majority of its students from a 
definite region, such as a state or group of states, or a small or 
distinctly local institution. 

Each of these must determine first whether any sort of coopera¬ 
tive method should be adopted, second (if the answer to the first 
question is affirmative) whether all or only part of the students 
should have cooperative work at some time during the college 
course, and finally the details of the method to be used, after a 
thorough study of the industries and the part of the country 
the school serves. 

K. L. Wildes: Mr. Boyajian has pointed out the difference 
in point of view between studies in the educational institution 
where emphasis is placed more on the fundamental principles 
underlying a problem, and in the industrial concern, where 
economic limitations and immediate utility are important 
considerations. In thesis problems of the graduate year it 
often happens that a part of the work is done while the student 
is employed with the company, and a part while in residence 
at the educational institution. Thus both the academic 
and industrial standpoints are brought to bear on a single 
problem, or set of problems. The instructor at the works 
is a most important factor in helping the student to appreciate 
these points of view. 

Referring to Mr. Chadbourn’s discussion I should like to 
remark that I believe excessive opportunity is often a handicap, 
not only to students, but to men in permanent employment. 
The first few years of a young man’s life should be characterized 
by achievement. Cases arise in which the positions given to 
young engineering graduates are so far above their abilities that 
these seeming opportunities become actual handicaps, and by 
them the young employees are prevented from doing work of 
outstanding quality. 

This principle also applies to the training periods of the M. I. T. 
system of cooperative education. Apparently Mr. Chadbourn is 
satisfied that the ablest and best balanced students are receiving 
great profit from their periods of training and experience and 
become worth while members of the organization after graduation. 

I have not much use for his second class of men and therefore I 
do not primarily blame either the cooperating company or the 
M. I. T. plan of cooperative education for their lack of correct 
attitude while in training, or their exalted opinion of their 
ability to take on executive duties immediately after they com¬ 
plete their course of study. These qualities are inherent in the 
man himself and such a man does not, in my opinion, merit any 
kind of cooperative training. My solution of Mr. Chadbourn’s 
problem is to eliminate this type of student from the course. 
The personnel departments of all the cooperating companies are 
becoming increasingly efficient in the selection of students, so 
that it looks as though this difficulty is well on its way to 
solution. 



Determination of Generator Speed 

and Retardation During Loss Measurements 
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Synopsis . This paper describes an instrument which was The principle of numerical differentiation is discussed and its 
developed to make graphic records of generator revolutions and time application to the determination of the slope of the speed-time curve 
as the generator slows down under the action of its losses during is pointed out. 

retardation tests. The construction of speed-time curves from the A complete example illustrating the application of this principle 
records thus obtained is outlined. is included in the paper. 


Introduction 


D URING the past two years efficiency tests have 
been made upon generating units in several 
hydro plants on the Alabama Power Company 
system. In determining generator efficiency the funda¬ 
mental formula 


Efficiency = 


Output 

Output plus losses 


( 1 ) 


was used. 

The losses were determined by the retardation 
method as described by J. Allen Johnson 1 from the 
equation 


dE 
d t 


W R 2 
9 


4 ir i . s 



( 2 ) 


Where 


dE 

IT =P° wer - 


W R 2 = flywheel effect of rotating parts. 
g = acceleration of gravity, 
s = angular velocity of rotating parts. 
ds 

= angular retardation of rotating parts. 


The scope of this paper is limited to a description of 
the methods used in evaluating the speed (s) and the 

( d $ \ 

J for use in Equation (2). 


Measurement op Generator Speed 

The precision of the results to be obtained from the 
retardation method depends primarily upon the ac¬ 
curate determination of the speed-time curve as the 
generator slows down and upon the most exact de¬ 
termination possible of the slope of this curve at various 
points. Experience has shown that a tachometer and 
a stop watch do not provide the necessary degree of 
precision, particularly when the generator under test 
has relatively low W R 2 and consequently slows down 

*Southeastem Engg. Co., Birmingham, Ala. 

1. For references see Bibliography. 

Presented at the North Eastern District Meeting of the A. I. E. E., 
Springfield, Mass., May 7-10,1980 . 


rapidly. An attempt was therefore made to develop 
an instrument which would record these quantities 
accurately. 

The ideal device for this purpose would be a recording 
instrument, such as that suggested by V. Karapetoff, 2 
which would measure retardation directly. No sueh 
instrument is on the market at the present time, how¬ 
ever, and difficulties were encountered which prevented 
the construction of one for the tests. 

As a substitute for this ideal instrument, a chrono¬ 
graph was constructed which in its original crude form, 
consisted essentially of three spark-gaps through 
which a paper chart was passed as it unrolled from 
a supply spool and was wound up on a motor-driven 
rewind spool. A contact on the shaft of the generator 
energized one spark coil, giving a puncture on the char t 
for each revolution of the generator. Another • spark 
coil was energized through a contact made by a seconds 
pendulum giving a puncture every second. The third 
spark coil was energized through a manually operated 
switch and its function was to designate on the chrono¬ 
gram the instant at which all instruments were read. 

The first form of chronograph, which is illustrated in 
Fig. 1, was used on several occasions and the results are 
believed to be of a reasonable degree of precision. Fig. 
2 shows a . specimen chronogram taken with this in¬ 
strument and illustrates the type of record which it 
produced. It was felt, however, that the importance 
of the efficiency tests justified as high a degree of 
precision in the measurements as could be obtained 
practically, and, therefore, an instrument embodying 
numerous refinements was developed. 

While operating on the same fundamental principle 
as the old chronograph, the new instrument differs 
widely in detail from its predecessor. It is mounted on 
an aluminum base approximately 16 in. by 48 in. and 
about 2 in. deep. Essentially, it consists of a driving 
motor, an electrically operated tuning fork, and an 
electrically operated stylus. The record is made upon 
a strip of waxed paper which is unwound from a supply 
spool, passes under the stylus and tuning fork and 
continues around the two driving rollers to the rewind 
spool. The tuning fork is electrically driven at 100 
vibrations per second, while the stylus is energized 
through a contact on the generator shaft. Fig. 3 is a 
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general view of this instrument, and Fig. 4 shows a indications of each of these records over a penod of 
typical record taken by it. time. Since the displacement between indications of 

One refinement which has been found to contribute successive revolutions is far greater than that between 
materially to the facility with which the records may be successive cycles made by the tuning fork, it is obviously 

much simpler from the standpoint of interpolation, to 



Fig. 1—Chronograph as Originally Constructed 

interpreted is the constant linear speed drive for the 
paper. This is accomplished by driving the paper strip 
directly through constant speed driving rolls, while a 



Fig. 4—Typical Record prom Chronograph Shown in Fig. 3 


count the cycles of the tuning fork record for a given 
number of revolutions. This process would have been 
very, laborious if it had been necessary to count each 
cycle individually. However, by means of a trans¬ 
parent celluloid interpolator consisting of ten uniformly 
spaced radial lines, this work was facilitated materially. 
The data taken from the chronogram in this manner 
were tabulated as shown in Table I. Since it is prob¬ 
able that the true speed-time curve of a large machine 



Fig. 2—Typical Record prom Chronograph Shown in Fig. 1 


friction clutch automatically yaries the speed of rotation 
of the rewind spool. 

Between the tuning fork and the magnetic stylus 



Fig. 3—Improved Chronograph 

there is located a spark-gap which is energized man ually 
from a switch. The function of this gap is to designate 
on the chronogram the instant of taking readings on the 
instruments. 

Speed-Time Curve 

The data supplied by the chronogram are in the 
form of two graphic records, one of revolutions and one 
of time. In order to obtain the speed of the generator, 
at any point, it is, of course, necessary to count the 


TABLE i 


X 

II 

III 

JV 


Actual time 

Average speed in 

Time elapsed 

Point 

in seconds for 

revolutions 

since start of 

number 

3 revolutions 

per second 

test (seconds) 

1 

2.010 



2 

2.020 



3 

2.025 



4 

2.035 



5 

2.045 

1.467 

10.135 

6 

2.055 



7 

2.065 



8 

2.070 



9 

2.085 



10 

2.090 

1.435 

20.500 

11 

2.100 



12 

2.110 



13 

2.120 



14 

2.130 



15 

2.140 

1.402 

31.100 

10 

2.150 



17 

2.160 



18 

2.170 



19 

2.180 



20 

2.190 

1.370 

41.950 

21 

2.200 



22 

2.210 



23 

2.225 



24 

2.230 



25 

2.245 

1.337 

53.060 

28 

2.255 



27 

2.265 



28 

2.275 



29 

2.285 



30 

2.300 

1.304 

64.440 

31 

2.310 



32 

2.325 



33 

2.330 



34 

2.345 



35 

2.360 

1.271 

76.110 

36 

2.370 



37 

2.380 



38 . 

2.390 



39 

2.405 



40 

. 2.420 

1.240 

88 075 

41 

2,430 



42 

2.445 



43 

2.455 



44 

2.470 



45 

2.480 

1.210 

100 355 
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as it slows down is a continuous curve, the data taken 
from the chronogram were plotted and a smooth curve, 
as shown in Fig. 5, was determined from the plotted 
points with the idea that this curve would be more 
nearly a true representation of the speed-time curve of 



the machine than the actual plotted points. The use of 
this curve also facilitated the determination of the 
slopes, as the method of numerical differentiation 
involves the use of values of speed taken at constant 
intervals of time. 

Method of Obtaining Slope of the Speed-Time 

Curve 

The slope of the speed-time curve for any retardation 
run should be determined with the greatest amount of 
accuracy possible from the data available, because the 
value of the losses varies directly as this slope. 

In finding the slope of a curve, the equation of which 
is unknown, the usual method is to construct a tangent 
to the curve at the point where the slope is desired. 
This graphical differentiation is at best inaccurate for 
most empirical curves and especially so when the curve 
approaches a straight line. 

Instead of this somewhat crude and inexact method, 
the principles of numerical differentiation have been 
applied, and it is believed that a considerably higher 
degree of precision has been obtained in this way than 
would have been possible using the strictly graphical 
method. The principles of numerical differentiation 
are thoroughly described in many standard mathe¬ 
matical works 9 - 4 > 6 > 6 and hence, the derivation and proof 
of this process lie outside the scope of this paper. How¬ 
ever, a practical outline of the method is included in 
order that its application to the determination of 
angular retardation may be clearly understood. 

In applying this method to an empirical curve of 
unknown equation y = / (a;), values of x are taken 
(throughout the range of the curve under consideration) 
with a constant increment h, as shown in Fig. 6, so that 
Xi — x 0 = h; 

Xi — Xi = h 


x n - x n -i = h 


Corresponding values y are then taken from the curve 
(i. e., 2/o, yi, y 2 , .... Vn-uVn). 

Differences between successive values of y are then 
computed, thus: 

Vi — yo = wo 
f/2 - Vi = ffll 
Vi-yt = a 2 


y». yn-l — ®n—1 

The values do, o>i, o 2 , . . . . a„ obtained in this manner 
are known as differences of the first order. In the same 
fashion, the differences of the second order are com¬ 
puted, thus: 

(ti do = b 0 
d 2 — d i = hi 
d 2 — d 2 —— b 2 

d„— d„_ J = 6„_j 

This process is continued until the desired number of 
differences has been taken. The Difference Table 
(Table II) is then constructed, with the values thus 
obtained. 

The question of how many differences to include in 
the table requires some attention. In the somewhat 
special case where the original curve can be exactly 
represented in the range under consideration, by a 
polynomial of nth degree, the nth order of difference will 
be constant and the n + 1st order will vanish. In such 
a case the slope as calculated from the Difference 
Table will be rigorously correct. 

More frequently, however, it is found that some 



Xo X! Xt Xj X, X 5 x e x 7 X 8 X) 

Fia. 6 


order of difference is approximately constant, while 
successive orders tend to disperse irregularly. Such 
behavior as this is due to discrepancies between some 
of the tabulated values of y and the corresponding 
values of a polynomial which approximately, but not 
exactly, coincides with the original function in the 
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range under consideration. Such discrepancies may 
be the result of either errors in the empirical data, or of 
the fact that the original function cannot be repre¬ 
sented exactly by a polynomial in the interval being 
studied. The magnitude of such deviations from the 


to include the ftth order of differences, but is terminated 
at this point. 

Having completed the Difference Table the following 
formula for the derivative which was obtained from 
Newton's Interpolation formula may be used: 


TABLE II 
DIFFERENCE TABLE 


X 

V 

Ai 

a 2 

As 

A* 

XQ 

Vo 

ao 




XI 

Vi 


bo 

Co 


Xi 

V2 

«2 

bi 

Cl 

mo 

Xg 

Vi 

«3 

bi 


mi 

*4 

V 4 

• 

* 

• 

m n+l-k 

x n 


* 


C»-2 


Vn 

an 

bn-1 




*«+1 

Vn+l 






«i — xq — A 
xs — x\ ■» A 


Vi — £/o “ ao 
U2 — yi ** ai 


ai — ao - bo 
a 2 — ai « b\ 


etc. 


*** 1 Un+i - v» « a n a n — a n -i - b n .i 


polynomial function may be determined for each of the 
tabulated values of y by the use of a correction term 
(which is evaluated by trial) multiplied by the binomial 
coefficients. 6 

An inspection of Table III will make this clear. 


TABLE III 

SHOWING THE INFLUENCE OF AN ERROR € IN ONE VALUE OF 
V ON THE SUCCESSIVE DIFFERENCES 


X 

V 

Ai 

a 2 

As 

A4 

Xo 

VO 

ao 




Xl 

Vi 

ai 

bo 

Co 


X 2 

V2 

<22 

bi 

Cl + 6 

do + e 

S3 

Vi 

a 3+6 

b% + c 

C 2 - 3 € 

d\ — 4 e 

X4 

Vi + e 

<24 ~ € 

6 s -2 6 

Cs +3 € 

di +6 € 

Xi 

V i , 

as 

bi + € 

C 4 - € 

dz — 4 6 

x 6 

Vi 

as 

bs 

C5 

di 4- « 

XI 

Vi 

«7 

bo 

Cfl 

ds 

xs 

Vi 

as 

bi 



X9 

Vi 






dy 1 r &0 Co 

dx ~ h L 0 ° ( 2n ~ ^ ~\2 + ^+ 2 ) Jg 

+ (in 3 — 18m 2 + 22n—6) -r|- ..... J ( 


where n may be defined as 


X- Z a 

h 


and where 


®o> &o, Co, do, etc. are obtained from the Difference 
Table, and h is the constant interval between successive 
values of x. 

This formula is rigorously true for all values of n, 
provided some order of differences (say the kth) is 
constant. It is approximately true if the jfcth order of 
differences is approximately constant, particularly for 
fractional values of n. Since it is only the sequence of 
the subscripts in the Difference Table that is significant, 
any value of x may be designated as x B provided the 
following value is called xj, etc. Thus it is clear that n 
may always be made fractional. 

In the particular case where the derivative at a tabu¬ 
lated point is desired, n vanishes and Equation (3) 
reduces to 


±L_ Ir A. do 

dx ~ h l a °~ 2 + ~~ T 


+ • 



Using Equations (3) and (4), the slope of the original 
curve may be calculated at as many points as may be 
desired. 

In determining generator losses, the slope of the 
speed-time curve might be calculated for the point 
corresponding to synchronous speed only, since this is 
the only value used in the calculations. However, the 
slopes were calculated for a number of points along the 
speed-time curve, and a curve of retardation against 
time was plotted. From this curve the value of the 
slope at synchronous speed was read. A curve of 
retardation against time was used instead of a sin gl e 
calculated point in order that any deviation from its 
general trend might be detected, and cheeked for 
errors. 


This table shows the influence of an error e in any 
tabulated value of y on the successive differences. It 
mil be seen that the original error is multiplied by the 
binomial coefficients in each order of difference. 

The discrepancies between the original curve and 
polynomials of several different degrees may be de¬ 
termined as outlined above. These discrepancies will 
be found to be a minimum for a polynomial of say the 
&th degree.- The Difference Table is therefore extended 


Application op Numerical Differentiation 
In order to clarify the foregoing explanation and at 
the same time illustrate the use of “Numerical Differ¬ 
entiation” when applied to a practical problem, an 
example will be given of an actual retardation run 
taken on a generator during an efficiency test. 

The generator revolutions and a timing wave were 
recorded by the chronograph shown in Fig. 3, making a 
record similar to the specimen shown in Fig. 4. From 
this record, the data were tabulated as shown in Table 
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TABLE IV 


X 

Time in 

U 










seconds 

Rev. per sec. 

Ai 

A2 

A# 

A 4 

As 

Ae 

a 7 

Ag 

As 

10 

1.4725 












-0.0363 









20 

1.4362 


0.0026 










-0.0337 


-0.0004 







30 

1.4025 


0.0022 


-0.0001 








-0.0315 


-0.0005 


0.0012 





40 

1.3710 


0.0017 


0.0011 


-0.0044 






-0.0298 


0.0006 


-0.0032 


0.0106 



50 

1.3412 


0.0023 


-0.0021 


0.0062 


-0.0188 


60 

1.3137 

-0.0275 

0.0008 

-0.0015 

0.0009 

0.0030 

-0.0020 

-0.0082 

0.0060 

+0.0248 . 



-0.0267 


-0.0006 


0.0010 


-0.0022 



70 

1.2870 


0.0002 


0.0019 


-0.0042 






-0.0265 


0.0013 


-0.0032 





80 

1.2605 


0.0015 


-0.0013 








-0.0250 


0.0000 







90 

1.2355 


0.0015 










-0.0235 









100 

1.2120 


■ 









I. The average speed in revolutions per second was 
then calculated at intervals of 15 revolutions and 
the points plotted against time. That is, columns III 
and IV of Table I were plotted to give the speed-time 
curve of the retardation run. This curve is shown in 
Fig. 5. 

The next step was to construct a “Difference Table” 
from the data of the speed-time curve. In doing this, 
values of time were taken every 10 seconds and the 
corresponding values of speed read from the curve. 
These values were tabulated as shown in Table IV. 

An inspection of Table IV shows that there is no 
order of differences which is constant. The third 
order, however, appears to be of smaller magnitude than 
the succeeding differences, and this fact suggests that 
the table should be terminated there. In order to 
determine how far the tabulated values of speed deviate 
from a polynomial of the third degree the method 
previously discussed and illustrated in Table III is 
applied. Table V is therefore constructed, using 
Table IV as a base, but terminating the difference 
table with the third difference. The column Ci com¬ 
pensates for a discrepancy in the value of y correspond¬ 


ing to a value of x at 60 seconds; C 2 for a discrepancy 
in the value of y at point when x equals 70 seconds, etc. 
This table, therefore, shows that the given curve differs 
from a cubic curve to the following extent: 


Time 

(seconds) Discrepancy 


10 

0 

20 

0 

30 

0 

40 

0 

50 

0 

60 

-0.0011 

70 

-0.0023 

80 

-0.0035 

90 

-0.0065 

100 

-0.0118 


If desired, this process may be repeated using a 
Difference Table which includes A 4 , and it will be seen 
that the discrepancies between the given curve and a 
quartic exceed those tabulated above. This shows that 
differences of the third order should be the highest used 
in the slope formula. Similarly, the Difference Table 


table v 


to 

Time in 
seconds 

U 

Rev. per sec 

Ai 

A i 

A 3 

Ci 

c 2 

Cz • 

C A 

Ci +C2 + C8 

Cb + C4 + Cb 

As + Qi + Ca 

+Ca +C4 + C8 

10 

1.4725 












-0.0363 









20 

1.4362 


0.0026 










-0.0337 


-0.0004 






-0.0004 

30 

1.4025 


0.0022 










-0.0315 


-0.0005 






-o.oofos 

40 

1.3710 


0.0017 










-0.0298 


0,0006 

-0.0011 




-0.0011 

-0.0005 

50 

1.3412 


0.0023 










-0.0275 


-0.0015 

0.0033 

-0.0023 



0.0010 

-0.0005 

60 

1.3137 


0.0008 










-0.0267 


-0.0006 

-0.0033 

0.0069 

-0.0035 


0.0001 

-0.0005 

70 

1.2870 


0.0002 










-0.0265 


0.0013 

0.0011 

-0.0069 

0.0105 

-0.0065 

-0.0018 

-0,0005 

80 

1.2605 


0.0015 










-0.0250 


0.000 


0.0023 

-0.0105 

0.0195 

-0.0118 -0.0005 

-0.0005 

90 

1.2355 


0.0015 










-0.0235 









100 

1.2120 
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might have been terminated with A 2 , in which case the 
discrepancies would also have been found larger than 
those tabulated above. This signifies that three terms 
of Equation (4) should be used in computing the slope. 
. Performing this computation for the case of x = 30 
seconds, we have: 

l!L__Lr n(m ~ 0 0017 °- 0006 

dx ~ 10 L _0 - 0315 ~ -2- + -3- 


] 


= - 0.00321 rev. per sec. per sec. 
In like manner the slopes were calculated for other 
points, and the results appear in Table VI. 

TABLE VI 


ein see. 

Slope in rev. 
per sec. per sec. 

10 

-0.00377 

20 

-0.00350 

30 

-0.00321 

40 

-0.00314 

50 

-0.00281 

60 

-0.00264 

70 

-0.00272 


These data were plotted as shown in Fig. 7. The 
slope at synchronous speed was read from this curve and 
was used to calculate the power loss by Equation (2). 


0.0040 


* 0.0020 
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synchronous speed is adequate. The average time 
required for such a retardation run is approximately 
3 minutes. 

An additional advantage inherent in the use of the 
chronograph is the fact that it produces a permanent 
graphical record, thus reducing the chance for personal 
errors to creep in. 

While the method of numerical differentiation is not 
new, it is felt that its advantages in connection with the 
determination of the retardation of generators have not 
been generally recognized. This principle constitutes 
a useful tool which may be readily employed. 

It is realized that the method of determining slopes 
as outlined above is not mathematically rigorous unless 
some order of difference becomes constant. The type 
of curves encountered when considering the speed-time 
characteristics of a generator under the retarding 
forces of its losses, in general, does not give a constant 
set of differences. This is not surprising when it is 
remembered that the windage loss, which is always 
present, varies as a variable power of the speed. 

It is felt, however, that the results obtained from this 
admittedly approximate method are of a considerably 
higher degree of precision than would have been ob¬ 
tainable from a strictly graphical method, and that they 
are well within the range of engineering accuracy. 
This, of course, is all that may be expected from data 
obtained from measurements made in the field where 
laboratory methods are inapplicable. 

The use of this principle has produced consistent 
results wherever it has been applied by the authors. 
Typical results of two tests, each of which were dupli- 
cated, are tabulated below: 


Pig. 7 Typical Retardation Curve 

Conclusions 

It is believed that the chronograph is considerably 
more accurate than the tachometer and stop watch. 
Experience has shown that the chronograph, using a 
tuning fork for a timing element, is far preferable to the 
instrument which depends upon a seconds pendulum for 
its timing. 

I J n , ad ^ ltl0 “ to bein S more accurate than the stop 
watch, the chronograph is applicable to tests upon 
generators whose WIT 2 is relatively low and which 
therefore slow down rapidly, whereas the stop watch 
method is not well adapted to use on such tests. 

. Du f to the indent accuracy of the chronograph, it 
is not necessary to take data throughout as^reat a 
range of speed during a retardation run as in the case 
of the stop^watch method. Experience with generator 

Alabam * Power Company system hZ 
shown that a range of from 10 per cent above syn¬ 
chronous speed to approximately 10 per cent below 


Bun No. 

Retardation 

Percent deviation 

rev. per see. per hoc. 

from the avorage 

X 

-0.001788 

0.46 

2 

-0.001747 

0.46 

Average 

-0.001766 

1 

-0.001640 

0.10 

2. 

-0.001664 

0.10 

Average 

-0.001662 


The close agreement between the duplicate runs 
seems to justify considerable confidence in the accuracy 
of this method of recording the speed of the generator 
and of obtaining the slope of the speed-time curve. 
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J* A. Johnsons I am always glad to see a paper on im¬ 
provements in the retardation method of testing generators, 
which T have advocated for a long time. I am particularly glad 
to see tlie development of more accurate instruments which will 
promote the use of this method in testing generators, where it is 
suitable, for it is a beautiful method and remarkably accurate 
and easy to apply. 

1 am rather disturbed, however, to see that this papor may 
give the impression that the application of this method calls for 
what appears to lie a rather complicated mathematical computa¬ 
tion in order to produce a satisfactorily accurate result. I gather 
that the only excuse for using this method of arithmetical differ¬ 
entiation is greater accuracy. Now, 1 sliould like to call atten¬ 
tion to Table IV on page 1099. The third column of that table 
headed Aj gives the loss in revolutions per second for eaeli ten 
second interval. Dividing these figures by ton will give figures 
which represent the rates of retardation in revolutions per second 
per second which are the average rates of retardation during the 
corresponding ten second intervals. In the method used in 
evaluating the tests which I made some years ago and presented 
in the paper referred to by Messrs. Charlton and Ketch urn, it 
was assumed that this average value matched up in time with the 
middle of the corresponding interval. Of course, this is not 
scientifically correct but is more nearly so the shorter the interval. 



Fig. I—Typical Retardation Curve 

O «* Arithmetical Differential Method 
X » Direct Method 


Plotting these values (the third column of Table IV with the 
decimal point moved one place to the left) on Fig, 7, the first 
value at 15 seconds, the second at 25 seconds, and so on, it appears 
that these points coincide with tlxe authors’ curve more closely 
than their own points do above synchronous speed, and by giving 
two more points than the authors’ method below synchronous 
speod, clearly indicates that the arithmetical differentiation 
method has given very questionable results in this part of the 
curve. I therefore claim that the authors have not demonstrated 
that their mothod of arithmetical differentiation gives more 
accurate results than the much simplor method I have used. 

I bring up this point because I should be very sorry to see the 
retardation method handicapped by an erroneous impression 
that it requires laborious computations to get accurate results. 
On the contrary, I claim that all the accuracy necessary can be 
built into the chronograph recording instrument, and that this 
having been dono, the instrument record can be interpreted in 
retardation and loss values in a very simple manner, involving 
a minimum of computation. 

W. D. Ketchumi I should certainly he quite unjust if I did 
not acknowledge gratefully the benefits which we in our retarda¬ 
tion tests have derived from Mr. Johnson’s paper. We started 
out extremely inexperienced and his paper was a guide which we 
fell back on time and time again and it is only fair that I ac¬ 


knowledge it, because without it we would liavo had much more 
difficulty than wo had. 

As to his criticism of the method ol‘ numerical differentiation 
as being a needless refinement, it seems to me that this is a 
question which has to be answered in oach specific case. It 
certainly appears from the curve which was flashed on the screon 
that in the example which we gave in our paper, a simpler method 
would have been almost as accurate. I say, it appears this is 
true because the scale at which this curve was reproduced is 
somewhat small and it is difficult to tell much about it. How¬ 
ever, it seems to me that sinco the shape of that curve will vary 
somewhat with each individual test, and certainly with each 
individual machine, this is a matter which has to be settled in 
each instance. 

Now, Mr. Johnson’s wide experience in this type of work as 
compared to our relative inexperience, certainly lends weight to 
his criticism. We felt, however, that if we went ahead and 
applied the principle of numerical differentiation we would have 
obtained as accurate an answer as we could with the instruments 
and facilities at our disposal and we felt that had we stopped 
with the simplification which Mr. Johnson pointed out, we would 
have overlooked something which might or might not have 
changod the results. That was our justification for going into 
this type of method. 

I frankly think that on close inspection it will bo found that this 
method is not as intricate as my description may lead you to 
believe. If you will follow the example given in the paper I 
believe you will find you can go through the various operations 
in a comparatively short time. 

. Certainly tlio last thing we would want to do would be to 
discredit the retardation method for all the experience we have 
had indicates that it is a very ready and relatively simple means 
of determining generator efficiency and we would hate to do 
anything to throw it in disfavor. 

O. E. Charltons I should like to emphasize the fact that 
the application of numerical differentiation to the speed-time 
curve doos not require any complicated mathematics and the 
increase in labor is negligible. 

After tho necessary information has been obtained from the 
chronogram to plot a speed-time curve, which is necessary before 
slopes can bo found, by any method, the difference table can be 
constructed by subtraction. The retardation is then determined 
by substituting the proper values taken from the difference table 
in a simple formula. I have found from actual practise that once 
the data are worked up from the chronogram, the actual calcula¬ 
tion of the slopes requires only about fifteen or twenty minutes 
for each point. 

The error introduced in the loss measurement by assuming the 
speed-time curve to be a straight line between any two points, 
varies with tho typo of curve and with the size of the interval 
betwoen points. We have found from a number of tests, how¬ 
ever, that with an interval of ten seconds the error will vary from 
three to six or seven per cent. 

It might be argued that an error of six per cent in the losses 
would make very little difference in the efficiency of the machine, 
but a six per cent error in all the losses determined by retardation 
if they should be accumulative, would change the resultant 
efficiency by one-tenth of one per cent, or more, and it is not 
uncommon to find a penalty clause in generator contracts for 
each tenth of a per cent that the efficiency drops below the 
guaranteed value. 

Numerical differentiation of the speed-time curve gives a very 
accurate value for slopes and it can be applied with as much ease 
as the tangent method and with very little more work. 



The M. I. T. Network Analyzer 

Design and Application to Power System Problems 

BY H. L. HAZEN,* 0. R. SCHURIG,f and M. F. GARDNER* 


Synopsis,—Previous network-computing devices with their uses 
and limitations are reviewed briefly, following which is a statement 
of the requisites for an effective a-c. calculating table . The M. 7. T, 
Network Analyzer, astatic miniature a-c. power system, designed and 
constructed jointly by the Massachusetts Institute of Technology and 
the General Electric Company for the computation of actual power 


networks, is described in detail and its operation outlined, The fields 
of its application are enumerated and include the study of normal 
operating conditions, stability , and short circuits . An example 
illustrating its application to the solution of a normal-operation 
problem is given . 

***** 


Introduction 

T O determine the behavior of a power system under 
various conditions of operation necessitates numer¬ 
ous solutions for the distribution of current, 
voltage, real and reactive power in its network. The 
advantages of experimental methods over lengthy and 
usually impracticable mathematical calculations for 
the determination of these quantities have long been 
recognized and several types of experimental com¬ 
puting devices or miniature systems for network 
analysis have been developed and have proved their 
usefulness. 

The following paper deals with an improved form of 
network-computing device designed and built jointly 
by the Massachusetts Institute of Technology and the 
General Electric Company. The Network Analyzer, 
as this device is called, is installed in the Electrical 
Engineering Research Laboratory of the Massachusetts 
Institute of Technology at Cambridge, Mass. 

Most of the network computing devices developed 
have been in the form of miniature systems. These are 
imitations on a small scale of those features of the real 
system considered significant or indispensable for 
solution of the class of problem for which the model was 
developed. One of the earliest developed was the d-c. 
short-circuit calculating table. 1 Due to the use of 
direct current, it is limited in its application to those 
problems in which phase angles can be neglected, as for 
example in short-circuit studies involving only ques¬ 
tions of current magnitudes. Its simplicity has made 
it almost indispensable for this purpose. 

The first miniature to employ alternating current was 
^ three phase representation of one particular system. 2 
Like the d-c. table it was a static duplication, containing 
no rotating elements. Although the phase angles at 
generating points were not adjustable, it afforded an 
ingenious means of investigating relay performance 
with unbalanced short circuits at a date when the use¬ 
fulness of symmetrical-component analysis was as yet 
unappreciated. 

The nec essity for representing angle differences be- 

•Massaehusetta Institute of Technology, Cambridge, Mass. 
fGeneral Electric Company, Schenectady, N. Y. 

1. For references see Bibliography. 

Presented, at the North Eastern District Meeting of the A. I. E M 
Springfield, Mass., May 7-10,1980. • • •> 
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tween synchronous machines led to the use of a-c. 
miniature systems with three-phase generators, motors, 
static loads, and lumped three-phase artificial lines. 
One such system* used synchronous m achines of 3.75 
kv-a. rating and normal system currents of 10 amperes 
at 440 volts. This scale was considered the minimum 
which would permit the use of the usual types of port¬ 
able indicating ammeters, voltmeters, and wattmeters 
for measuring quantities in the circuits without the 
necessity of correcting for their presence. 

Similar systems* of larger ratings, having mar-hinoo 
ranging from 200 to 600 kv-a. and employing line volt¬ 
ages of 2300 volts, have been used in the study of 
stability. Questions of stability involve mechanical 
momentum and electrical damping, and the normal 
relationships between these cannot be retained with the 
customary type of rotating machine as the model scale 
is indefinitely reduced. 

Rotating machines in general are not adapted to use 
in network computing devices of laboratoiy conve¬ 
nience and accuracy because of their cost, space and 
power requirements, and their instability when an 
attempt is made to employ more than three or four units. 

The limitations of the foregoing schemes for network 
representation led to the experimental development at 
M. I. T. of a static type of miniature system 6 incorpo¬ 
rating features which could be applied to the solution 
of normal-operation problems in extensive systems on 
laboratory scale. It was demonstrated that generating 
stations are adequately represented by static phase- 
shifting transformers, thereby eliminating the difficul¬ 
ties associated with rotating imar»1riwpff 
The Network. Analyzer described in this paper is a 
comprehensive a-c. dalculating table incorporating 
these ideas. While it has been, built primarily for 
educational and research purposes, careful consideration 
has been given in its design to make it suitable for com¬ 
mercial engineering service. 

General Design Considerations 
For a network computing device to adequately 
achieve its purpose it must embody such complete 
representation of significant electrical constants and 
terminal conditions that such errors in method as are in¬ 
herent in the d-c. table are eliminated. Furthermore, 
for practical usefulness it must be sufficiently extensive 
and flexible to represent numerous actual systems; it 
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must yield results of suitable accuracy with a reasonable 
expenditure of time; its operation should be simple; 
its space and weight requirements must be reasonable; 
and its cost should be a minimum consistent with these 
requirements. 

The principal features of the design follow: 

1. Representation of one phase line-to-neutral. 

2. Representation of the lumped impedance and 
admittance equivalents of lines, transformers, cables,and 
loads by adjustable resistors, reactors, and capacitors. 

3. Representation of either the terminal or ex¬ 
citation voltage of a synchronous machine by the 
single-phase terminal voltage of a phase-shifting trans¬ 
former, this voltage being adjustable in magnitude and 
phase. 

4. Use of minimum electrical scale consistent with 
direct measurements by portable indicatinginstruments. 

5. Use of such portable indicating instruments— 
ammeters, voltmeters, and wattmeters—that they can 
be plugged into or removed from the network with¬ 
out materially altering the voltage drop and current 
distribution. 

6. Provision for interconnecting the units to repre¬ 
sent complete power transmission networks. 

The selection of the relative sizes and ranges of line 
and load units required an analysis of the constants of 
modern transmission systems. Moreover the deter¬ 
mination of the voltage and current scales of the 
Network Analyzer called for a consideration of the 
impedances of series and shunt elements of measuring 
instruments. 

The results of these analyses will be briefly presented. 

Remits of Analysis of Transmission System Constants. 
The analysis of a number of overhead as well as under¬ 
ground transmission systems gave the percentage dis¬ 
tribution of line and load resistance and reactance 
values shown in Table I. In general, the two lower 
ranges of resistance and reactance are for lines, and the 
two higher ranges for loads. 

TABLE I 

Distribution op Resistance and Reactance 
_ Values of Typical Systems _ 

Per cent of linos and 
loads iu transmission 
system 


Resistance loss than 2.5 %. 25 

Resistance from 2.6% to 25%. 38 

Resistance from 25 % to 1000 %... 27 

Resistance from 1000% to 5000%. 10 

Reactance less than 5 % *. 20 

Roaetanee from 5 % to 30 %. 40 

Reactance from 30 % to 1000 %.... 30 
Reactance from 1000% to 5000%. 10 


♦Values of por cent resistance and per cent reactance of an 
impedance element are computed on the basis of a reference 
kv-a. value, and are equal to the per cent drop in the element in 
terms of normal voltage when carrying a current corresponding 
to the reference kv-a. at normal voltage. 


The electrical ranges of the line and load units were 
chosen in accordance with these data. 

Selection of Current and Voltage Scales. Upon 
selection of a suitable voltage scale for the Analyzer, 
its current scale was chosen as small as possible con¬ 
sistent with the requirement that certain portable indi¬ 
cating instruments—voltmeters, ammeters, and watt¬ 
meters—could be inserted without materially disturbing 
currents and voltages in the circuit. For current mea¬ 
surements thermocouple type ammeters were chosen 
because of their relatively low series resistance in the 
lower current ranges when compared with other por¬ 
table ammeters. Likewise thermocouple type volt¬ 
meters were chosen because of their low current re¬ 
quirements. Suspended-armature type wattmeters were 
chosen because their current and voltage elements could 
be made to meet these requirements. In Table II are 
given the voltage drops of the series elements of such 
instruments, and in Table III the currents taken by 
their shunt elements, expressed as per cents of various 
voltage and current bases. Corresponding data relat¬ 
ing to other types of instruments have been published 
previously. 6 


TABLE II 

VOLTAGE DROPS OP AMMETERS AND WATTMETER CURRENT 
COILS AT RATED CURRENT 



Volts 

drop 

Percentage of base voltage 

Base volts. 


400 

200 

100 

50 

Thermocouple ammeter. 

0.12 

0.03 

0.06 

0.12 

0.24 

Suspended-armature wattmeter 
1-arapero current coil.. 

0.08 

0.02 

0.04 

0.08 

0.16 

2-ampere current coil. 

0.04 

0.01 

0.02 

0.04 

0.08 


TABLE III 

CURRENT REQUIREMENTS OF VOLTMETERS AND 
WATTMETER POTENTIAL CIRCUITS AT RATED VOLTAGE 

Base amperes*... 

Thermocouple voltmeter. 

Suspended-armature wattmeter... 

Amperes 

Percentage of base current 

0.002 

0.003 

i 

2 1 
0.1 0.2 

0.15 0.30 

o o o 

O Cl 

0.25 

0.8 

1.2 


*Tho base current or nominal current of the miniature system designates 
the general order of magnitude of the currents in the principal lines. The 
operating currents of these lines will of course cover a wide range, of from 
say one-fifth to four times the nominal value. 

A high operating voltage for the Analyzer appears 
desirable of course to reduce the effects of series-con¬ 
nected instruments on line impedances at a given 
operating current, as will be seen from Table II. An 
operating voltage of 200 volts was chosen because it was 
not desired to subject the operators to the hazards of a 
higher voltage. 

The voltage scale having been fixed, the nominal 
operating current (see footnote of Table III) was 
chosen at a value which would give relatively small 
errors due to the insertion of instruments. It was of 
course desirable to keep the current as low as possible 
so as to have a low kv-a. rating of the Analyzer 
equipment. 
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It is seen from Table II that the voltage drops in the 
thermocouple ammeter and in the one-ampere current 
element of the suspended-armature type wattmeter 
are 0.12 volt and 0.08 volt, or 0.06 per cent and 0.04 
per cent respectively, when carrying one ampere in a 
200-volt circuit. If the impedance of the line itself 
in which these instruments are to be placed is, say, 2.5 
per cent (on a one-ampere, 200-volt basis) the increase 
of total impedance due to the addition of either instru¬ 
ment would be about 2 per cent, i. e., the total impe- 



changing transformers for closing loops, and any desir¬ 
able number of synchronous condensers. In general it 
may be assumed that any network whose number of 
elements falls within the above limits can be represented 
on the Analyzer with a completeness adequate for the 
engineering study of the problems for which it was 
designed. 

This equipment is assembled in four steel frames each 
with cabinet enclosures on all sides except the front. 
The four sections are arranged facing inward on three 
sides of a square as shown in Fig. 1. Any of the as¬ 
sembled units can be removed from these section frames 
merely by taking out four screws, and as they are 
mechanically interchangeable a very flexible assembly 
results. Each unit has its own panel and when placed 
in the frame these panels, together with strips bearing 
outlets for the busses, form the front face of the section. 
In front of each section stands a table with a center 
recessed portion containing instruments. (See Fig. 2.) 

Description of Component Parts . Having thus con¬ 
sidered the more general features of the Analyzer, the 


Fig. 1—The Network Analyzer 

General view of Analyzer plugged for a problem showing the layout of the 
four sections and the accompanying instrument tables 

dance would be approximately 2.55 per cent instead of 
2.5 per cent. For lines of smaller impedance carrying 
one ampere in a 200-volt system the additional impe¬ 
dance due to the instruments would of course become 
more significant and would in some cases require cor¬ 
rection or adjustment. 

On the other hand, if the one-ampere wattmeter of 
Table II is used in a circuit carrying 0.5 ampere and 
having an impedance drop of 2.5 per cent at 0.5 ampere 
and 200 volts, the addition of the wattmeter current 
element would cause an increase in the circuit impe¬ 
dance drop of only about 1 per cent. A value of the 
same order of magnitude would of course apply in the 
case of the one-ampere thermocouple ammeter similarly 
used at 0.5 ampere. 

These considerations point toward the selection of a 
nominal current of not less than 0.5 ampere for a minia¬ 
ture system in which significant errors due to, or fre¬ 
quent adjustments on account of, impedances of the 
series-connected instruments of the types covered by 
Table II are to be avoided. 

Description op Network Analyzer and its 
Operation 

Based on the analysis and general requirements set 
forth in the foregoing section, a device has been built 
which is proving very satisfactory in the solution of 
actual engineering problems. The equipment in the 
present installation includes a sufficient number of units 
to represent in its electrical essentials a system consist¬ 
ing of as many as 8 generating stations, 60 lines and 
cables or other connecting elements, 40 loads, 4 ratio¬ 



Fig. 2—A Single Section 

Line- and load-unit panels are at top and center, two phase-shifter panels 
are at lower left and right, and capacitor and synchronous-reactor panels 
are immediately above phase-shifter panels. Instruments are located in 
recess in the table top 1 

various types of units and other parts will be described 
giving the significant design details and constants. 

a. Generators. The six principal phase-shifting 
transformers, used to represent an equal number of 
generating stations, are rated at 0-500 volts, 6 amperes 
with 0.5-volt steps, while two smaller additional units 
used in previous work rated at 0-300 volts, 1 ampere, 
are available if needed. Both types are very similar 
in design and one of the larger units will be described 
in detail. This phase-shifting transformer or phase 
shifter, as it is called, is built on a standard wound-rotor 
induction-motor frame of about 7 kv-a. capacity with 
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an ordinary two-pole, three-phase, delta-connected rotor 
winding designed as a 230-volt primary. Its rotor, can 
be adjusted to any desired angular position by a manual 
wornvgear drive operated at the unit panel, and the 
angle read from a convenient scale graduated in tenths 
of degrees. (See Fig. 3.) 

The secondary two-pole single-phase winding is 
provided with taps for 0.5-volt steps. It is of the 
concentric-coil type, thus making the time phase of the 
secondary induced voltage essentially independent of 
the number of coils in the circuit, £. e., of the voltage 
setting. The angular adjustment of the rotor provides 
the time-phase adjustment of the secondary voltage, 



Fin. 3 —Artificial Generating Station 

A plrnse-shiftor unit showing truck mounting of transformer with control 
panel, which bears voltage-control switches, angle-control handle and 
indicating tiials, and terminals 


hence by means of the tap switches and the angle 
control, the vector representing this voltage can be 
made to terminate at any point within a circle of 500 
volts radius. This secondary voltage can be used to 
represent either the terminal or the excitation voltage of 
a synchronous machine under transient as well as 
steady-state conditions. 

By the use of low flux densities, suitable windings, 
and a power source of particularly good wave form, the 
harmonic content of the phase-shifter terminal volta-ze 
for all load conditions has been kept under one per cent. 
The phase shifter with its control panel is assembled 
similarly to a truck type switchboard section making it 
.very accessible. Suitable jacks are provided for ter¬ 
minals and for the insertion of instruments to indicate 
its output. 

b. Line and load units. These are considered 
together since the different sizes of resistor or reactor 
units differ only in winding details. Ordinarily a 


resistor unit is paired with a reactor unit, the two being 
connected in series by removable leads in the case of the 
line units, and in parallel in the case of the load units. 

In Table IV the number, range, and principal con¬ 
stants of these units are given. 


table xv 

LINE AND LOAD UNITS 



Number 

Max.' ohms 

Ohms per step 

Max. 

capacity 

Lino units 

60 




Resistors. 

25 

10 

0.1 

4 amp. 


35 

100 

1.0 

2 

Reactors. 

20 

20 

Approx. 1% of setting 

4 


40 

120 

Approx. 1 % of setting 

2 

Load units 

40 




Resistors. 

30 

4,000 

4 

1 amp. or 





200 v. 


10 

20,000 

200 

200 v. 

Reactors. 

30 

4.000 

Approx. 1 % of setting 

1 amp. or 





200 v. 


10 

20,000 

Approx. 1 % of setting 

200 v. 


R/X ratios of reactors 


Size 

Sotting 

R/X in per cent at 00 cycles 

20 ohms 

20 ohms 

3.5 


1 

5 

120 

120 

3.5 


20 

4.5 

4,000 

All 

6 

20,000 

All 

7 


Saturation. For a 20-to-l change of amporo turns the reactance at any 
sotting within tho working range changes not more than 2 per cent. 


The resistor units are assembled of resistor tubes, 
each consisting of high-resistivity, low-temperature 
co-efficient wire wound on a porcelain tube covered by 



Fig. 4—Resistor Units 

Line unit (loft) and load unit (right) showing resistor-tube assembly and 
control panel bearing decade switches, taper-socket terminals, and current 
jack (load unit only). Those units are self contained and mounted in 
section frame with four screws 

vitreous enamel. The number of tubes varies from 4 
in the 10-ohm unit to 28 in the 4000-ohm unit, the 
design depending on the amount of power which must 
he dissipated as heat from the most heavily loaded tube. 
(See Fig. 4.) All units are calibrated, and a step can be 
selected whose resistance is within Y, per cent of the 
desired value. Variations of resistance due to changes 
in load and ambient temperature have been kept 
considerably less than one per cent. Hence under all 
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conditions of operation the actual resistance of a uni t 
is within one per cent of the desired value. 

The design of reactance units whose inductance and 
resistance are properly related and sufficiently inde¬ 
pendent of variation with current, and whose size and 
cost are at the same time reasonable, was one of the 
major problems in the development. All of the line- 
and load-reactor units are approximately identical in 
size and weight, varying only in the number of turns 
and size of wire in the coil. The core consists of two 
stacks of nickel-iron alloy E-punchings so assembled 
that the magnetic circuit resembles a wide block figure 
8 split by a vertical cut forming the air-gaps. The coil 
is placed around the central air-gap, making the reactor 
look like a shell type transformer with an air-gap in each 
of its three legs. Each reactor weighs approximately 



Fig. 5—Reactor Unit 

Load-unit assembly showing reactor tilted in trunion mounting behind 
control panel bearing tap switches, terminals, and current jack. Reactor is 
of shell type design with central air-gaps. Glass guard protects operator 
from high voltage on large-step dial due to auto-transformer action. 

25 lb. and occupies a space 6by 7 by 8% in. By 
mounting the reactors in trunions the mutual reactance 
between units could be adjusted to a minimum after 
assembly, and the space requirements considerably 
reduced. Three dial switches on the unit panel provide 
for reactance adjustment. (See Fig. 5.) Current 
jacks are placed in all line and load units except the line 
resistors, which are always in series with their corre¬ 
sponding reactors if used at all. 

It is essential that the ratio of resistance to reactance 
be small over a large range of reactance. This was 
accomplished with minimum space and weight by a 
suitable grading of wire sizes and arrangement of taps. 
(See Table IV.) 

The calibration of reactance units, where more than 
one set of taps is used to adjust the reaetance, is an 
interesting problem. Since the reactance added by the 
addition of a given number of turns depends on the 
number already in use, and the reactance varies only 


approximately as the square of the number of turns, it 
is theoretically necessary to calibrate each combination 
of taps of every reactor. A method was developed, 
however, whereby only a relatively small number of 
measurements was required, and a simple calibration 
chart for each size gives the setting for any reactance, 
taking into account the small effect due to current if 
desired. These calibrations are accurate to about % 
per cent, which justifies the correction for current 
if accuracy better than one per cent is warranted by the 
problem under consideration. 

The maximum flux density used is approximately 
6000 gausses. 

c. Synchronous-impedance units. Special reactor 
units are needed to represent the synchronous impe¬ 
dance of generators because of the large rating of these 
units, and to secure a lower R/X ratio than is needed 
for the line units. These units, which are about three 
times the size of the other reactance units, are rated at 
0-500 ohms, 6 amperes or 500 volts (whichever gives the 
lower rating), and have practically a constant R/X 
ratio of 3 per cent from 50 to 500 ohms. 

d. Capacitors. Considering the fact that 20 miles 
of present-day 132-kv-a. cable requires a charging 
current which is approximately equal to its allowable 
operating current, it will be seen that a device which is 
to be used in the solution of metropolitan networks must 
have an amount of capacitance comparable with the 
full-load generator ratings. There have been incorpo¬ 
rated in the Network Analyzer 32 capacitance units of 
12 n f. each, adjustable in 0.1-ju f. steps, which at 200 
volts can draw approximately 80 per cent of the com¬ 
bined phase-shifter ratings. This capacitance can be 
used not only for representing the constants of lines and 
cables but for the representation of synchronous con¬ 
densers in all normal-operation problems. 

The capacitors, which are a wax-paper type of high 
quality, are rated at 350 volts, 60 cycles, alternating 
current. 

e. Auto-transformers. To represent the effect of 
ratio-changing transformers used to control the reactive 
kv-a. distribution in closed loops of transmission cir¬ 
cuits, four auto-transformers adjustable from 0 to 10 
per cent voltage buck or boost by 0.5 per cent steps are 
included. Their magnetizing currents, which must be 
small, range from 1.7 to 4milliamperes;theirimpedanees 
vary from zero at unity ratio, to 0.3, 0.7, or 1.5 ohms 
(depending on rating) at 10 per cent buck or boost. 

f. Bus structure. At the rear of eaeh section, 37 
No. 0 B. & S. solid copper bus-bars are placed longi¬ 
tudinally in horizontal rows. These busses have 
frequent taper-socket outlets along the face of the 
sections between the rows of unit panels. Units are. 
connected together by plugging their terminals to 
outlets of the same busses with short leads, having 
tapered brass terminals. The bus structure and the 
connectors are made of such size copper that the total 
resistance between two units at widely separated 
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points is at most a few milliohms, which on the scale 
used is entirely negligible. 

g. Primary power. The primary power is obtained 
from a sine-wave alternator driven by a d-c. motor, the 

. controls of both machines being available at the Analy¬ 
zer. This alternator is rated 75 kw., 230 volts, three- 
phase, 60 cycles, and has a wave form differing from 
a sine curve by about 1 per cent under the worst 
conditions. 

A three-phase auto-transformer makes voltages of 
100,30, and 10, in addition to the usual 230-volt supply, 
available for the phase-shifter primaries. By using 
one of these low-voltage taps, short-circuit studies can 
be made on a system set up for normal operation with¬ 
out changing the scale or materially altering the set-up, 
since the reduction of the primary voltage reduces the 
large network currents due to short-circuit conditions 
to reasonable ampere values. The power can be thrown 
on or off the primaries of the phase shifters by means of 
numerous conveniently located push-button stations. 

h. Instruments. The requirement that all measure¬ 
ments be made by portable indicating instruments 
without disturbance of the network due to their pres¬ 
ence, has been adhered to with the result that the 
measurement of all quantities is a simple and convenient 
process. There are two groups of instruments: (1) 
those used at the terminals of the phase shifters which 
are standard portable instruments, and (2) those used 
for making measurements in the lines and at the loads 
when the restrictions on current-coil impedance drops 
and potential-circuit currents are most severe. The 
instruments of the second group are portable indicating 
thermocouple ammeters and voltmeters and portable 
indicating suspended-armature wattmeters. The use 
of a separate set of instruments for each phase shifter 
greatly facilitates the adjustment of the network 
terminal conditions since the operators can tell at a 
glance the conditions at all generating stations without 
having to re-plug instruments and change scales. 
Table V is a list of the instruments with their principal 
constants. 

The reactive power, and phase angles of currents and 
voltages are quantities measured readily by means of a 
phase-shifting transformer and a wattmeter, preferably 
of the sensitive suspended-armature type. With the 
same equipment, the components of the complex ex¬ 
pression of a current referred to any axis are read 
easily. 

Procedure in Soloing a Network Problem. The solu¬ 
tion of a power-network problem on the Network 
Analyzer involves several distinct steps: (1) the deter¬ 
mination of the scale on which the system will be repre¬ 
sented, (2) the connection and adjustment of units 
to represent this network to the scale selected, (3) the 
adjustment of the terminal conditions such as generator 
outputs, loads, and voltages to such values that they 
represent the desired operating condition, (4) the 
measurement of the desired results by means of instru- 


TABLE V 

INSTRUMENTS FOR NETWORK ANALYZER 
Number, Range, and Principal Constants 


Item No. used 


1. Voltmeters (used at phase-shifter terminals). 6 

Ranges 300/600 volts 

Current at 200/400 volts 0.0125 ampere 

2. Ammeters (used at phase-shifter terminals). 6 

Ranges 2/6 amperes 

Resistance (on both ranges) 0.30 ohm 

3. Wattmeters (used at phase-shifter terminals)... 6 

Potential-circuit ranges 200/400 volts 


Potential-circuit current at 200/400 volts 0.013 ampere 


Current ranges 2/6 amperes 
Resistance (on both ranges) 0.45 ohm 

4. Voltmeters, thermocouples*. 2 

Ranges 5, 10, 25, 50, 100, 250 volts 
Current at full scale 0.002 amperes 

5. Ammeters, thermocouples.*. 4 

Ranges 0.1, 0.25, 0.5, 1.0, 2.5, 5.0 amperes 
Potential drop at full scale (all ranges) 0.12 volt 

6. Wattmeters, suspended-armature type. 3 


Potential-circuit ranges 100/200/400 volts normal 
Normal potential-circuit current 0.003 ampere 
Current rangesf 1.0/2.0 ampere normal 
Impedance drop (normal current) 0.08/0.04 volt 

7. Wattmeters, suspended-armature type. 2 

Potential-circuit ranges 200/400 volts normal 
Normal potential-circuit current 0.007 ampere 
Current ranges 0.2/0.4 amperes normal 
Impedance drop (normal current) 0.1/0.05 volt 

8. Wattmeter, suspended-armature type. 1 

Potential-circuit ranges 200/400 volts normal 
Normal potential-circuit current 0.003 ampere 
Current ranges 0.2/0.4 ampere normal 
_ Impedance drop (normal current) 0.4/0.2 volt _ 

*The thermocouple voltmeters and ammeters will withstand a 100 per 
cent overload for short periods without affecting the calibration and have 
an accuracy of 1 per cent of full scale. 

fThe current coils of items 6, 7, and 8 have an ample overload current- 
carrying capacity. The potential circuits have a maximum rating 50 
per cent above the normal voltage. 

ments, and (5) the conversion of these results from the 
Analyzer base to the actual system base. These various 
steps will be considered in order. 

In selecting a base for setting up a system, 200 volts 
is chosen as nominal voltage for all but short-circuit 
studies. Such a base of current, and thereby of power, 
is selected that the actual system per cent constants, 
when applied to this base, result in current magnitudes 
which lie within the convenient working range. 

After scale selection, working connection diagrams 
are prepared on which are noted the numbers and 
settings of the units selected to represent the different 
system parts—such as generators, lines, and loads—and 
from these the connections and unit settings are made. 
If a problem involves the study of several different 
connections of a system this process is repeated for 
each connection. 

Usually for each connection, a number of different 
operating conditions is to be studied. These operat¬ 
ing conditions are represented one at a. time by setting 
the quantities at generators, loads, and other points in 
the system to prescribed values. With the settings 
made, the distribution of current, voltage, and power 
throughout the Analyzer circuits, is a miniature replica 
of that existing on the power network for the given 
operating condition. 

After adjusting the terminal conditions to the 
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prescribed values, the quantities desired can be read 
directly. The final step consists in expressing these 
quantities as fractions of the Analyzer base. These 
same fractions apply directly to the actual system. 

Several methods of rapidly checking the final results 
are used whereby possible errors in connecting or setting 
the units, making readings, or converting results be¬ 
come apparent. These checks, and the accuracy of the 
Analyzer which their application shows, appear in the 
discussion of the example. 

Fields op Application op the Network Analyzer 
The chief function of the Network Analyzer is to 
serve as an experimental substitute for the lengthy and 
generally impractical calculations of normal-frequency 
current, voltage, power and phase relations in electric 
power networks for which the resistance, inductance, 
and capacitance constants of lines, generators, trans¬ 
formers, and loads are known. Before considering 
its fields of application it is well to point out that it will 
not serve for the determination of circuit constants of 
lines, generators, transformers, or of other system 
apparatus, but rather requires for its use a knowledge of 
these electrical circuit constants. Moreover since it has 
lumped line units, and phase shifters to represent 
synchronous machines, it is not applicable to the study 
of high-frequency transient phenomena, corona prob¬ 
lems, arcing grounds, lightning induction, synchronous 
machine characteristics, harmonics due to transformers 
or generators, etc. 

The various applications of miniature a-c. systems 
have been discussed in previous publications 7 and will 
be only briefly reviewed here. They may be classified 
as follows: 

1. Determination of voltage, current, and power 
data for normal operating conditions in a network of 
interconnected lines, stations, and load centers. Such 
data are necessary for the most economical layout of 
systems, and for the determination of operating 
procedure. 

2. Solution of problems concerned with the stability 
and power limits of systems for loads slowly or suddenly 
added, during short circuits, etc. 

3. Determination of currents during short circuits 

forrelay settings,rating of current-limiting reactors, duty 

of oil circuit breakers, electromechanical stresses, etc. 

Studies of Normal System Operation. One of the 
important problems requiring solution by means of a 
miniature system is the determination of load division 
among the various branches and stations of a power 
network. This is frequently desirable for the best 
design of new systems as well as for the study of addi¬ 
tions or changes and the best operation of existing 
systems. While a study of this nature may require 
only a knowledge of the current at various points in the 
network, in general it requires also a knowledge of 
voltage, and real and reactive power. 

Two problems closely related to the foregoing are 


(1) voltage regulation in power networks and (2) power 
factor correction. Power factor correction requires a 
study of the effect of certain classes of terminal appara¬ 
tus, such as synchronous condensers, when added at 
different points of a system. 

Studies of System Stability. The growth of power 
systems, the advent of wide-spread interconnection, and 
the consequent increase in length of transmission lines 
in order that the interconnected systems may be sup¬ 
plied from large hydroelectric developments have re¬ 
sulted in bringing the problem of system stability to the 
fore. Designers and operators are interested in system 
power limits for slowly-applied loads and during short 
circuits or other disturbances. 

Problems of static stability can be studied with the 
Network Analyzer even beyond the stable point of the 
power system because synchronous machines are repre¬ 
sented by stationary phase shifters. Although it will 
not serve to reproduce actually the transient swings of 
generating and receiving machinery, problems of this 
class can be studied by the point-by-point method 8 
with its aid. In this method the rotor-position changes, 
together with field-current and prime-mover torque 
changes, are computed for successive arbitrary short 
intervals of time, the progress of the transient thus being 
developed by small steps. Since a change in field cur¬ 
rent and the angular position of the rotor changes the 
armature current and power in every machine, it is 
necessary to determine the values of these armature 
currents and powers as they exist at the beginning of 
each interval. These are fixed by the rotor positions 
and field currents found to exist at the end of the pre¬ 
vious interval. In other words a normal steady-state 
electrical solution of the network with the known ter¬ 
minal conditions must be made for the end of each 
interval, and the result used to compute the changes 
which will occur in the following interval. The calcu¬ 
lation of these numerous steady-state conditions is the 
most laborious part of the point-by-point method and is 
the type of calculation for which the Analyzer was 
developed. 

As mentioned above, the Analyzer is not applicable 
to the determination of synchronous machine charac¬ 
teristics, reactance values, saturation effects, etc. 
These data must be separately obtained. 

Short-Circuit Studies. Experimental solutions of 
short-circuit problems have been extensively discussed 
in earlier publications. 0 The principal points bearing 
on the application of the Network Analyzer are the 
following: 

Since the short-circuit calculating table ordinarily 
serves adequately for the more common short-circuit 
studies of systems, the Analyzer will not supplant this 
simple and effective d-c. device. The errors 8 of the 
latter are commonly below 10 per cent and rarely in 
excess of 20 per cent. The errors of the Network 
Analyzer will, in general, be less than 3 per cent. 
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The solution of unbalanced short circuits on the 
Analyzer may be accomplished either by successive 
single-phase setups with the aid of symmetrical-co¬ 
ordinate analysis, or in an approximate manner by a 
three-phase setup with a three-phase power supply with 
or without the use of the phase shifters. 

Educational Uses. Perhaps the application of the 
Analyzer most far reaching in its effect is its educational 
use not only in the solution of sample problems by 
classes but as a computation tool which opens fields of 
research to graduate students otherwise closed by 
excessive labor requirements. Furthermore, the pres¬ 
ence of a device regularly used in the solution of actual 
engineering problems has a very real educational value. 
These uses make the Analyzer a valuable asset for an 
electrical engineering laboratory. 

Example 

It is the purpose of this example to illustrate the way 
in which the Network Analyzer can be used in the solu¬ 
tion of a typical problem which may arise in the growth 
of a power network. The example does not illustrate 
the limit in complexity of circuits, or range of conditions 



Fig. 6—System Used in Example 

One-liue diagram of wimple network In which effect of ratio-changing 
transformer and phase-shifting equipment on required synchronous con¬ 
denser capacity and power flow were examined. For constants see Table VI 

which can be studied on the Analyzer, but is given to be 
suggestive of the possibilities of the device. The one- 
line diagram of the system which is used for this ex¬ 
ample, is shown in Fig. 6. It includes three loops and 
a number of radial lines connecting the generating 
centers A, D, F, and J with the load center at K and 
vicinity, and with another system to which power is 
supplied at Q. Both K and Q represent large load and 
steam-generating centers to which the network furnishes 
the power used in excess of that generated at these 
points. At busses B, C, H, I, and N synchronous con¬ 
densers serve to maintain voltage. 

The problem is to determine the reductions in syn¬ 
chronous condenser installations which can be effected 
by using a ratio-changing transformer in the main loop 
CGHI; also to determine what phase-shifting equip¬ 
ment, if any, is needed to properly distribute the power 
flow between the various parallel paths. 


Specifically, four cases are to be examined. (1) 
With the network as shown in Fig. 6 and all of the 
stations delivering specified loads, the size of the con¬ 
densers at C,H, and I required to maintain normal 
voltage is to be determined in relation to the setting of a 
ratio-changing transformer in line Cl. (2) With 
station D, which is of large capacity, disconnected from 
the network at C, the size of the synchronous condensers 
at C and I is to be determined in relation to the trans¬ 
former ratio in CI. This case fixes the size of these 
condenser installations before station D comes into 
service; thereafter they presumably will have to be 
considerably increased. (3) With line CI removed by 
opening the circuit breakers at both ends, voltage at the 
major busses and power in the principal lines are to be 
determined when the condenser outputs are limited to 
the values found most suitable in the first case. (4) If 
any of the lines in the major loop C G HI are overloaded 
under any of the above conditions, the beneficial effect 
of phase-shifting equipment, located preferably at /, 
is to be considered. 

The problem having been thus briefly described, the 
next step is to state the constants and the operating 
conditions which are to be represented to obtain the 
desired information To accomplish this in an orderly 
way, the problem is resolved into the study of one or 
more operating conditions on each of several connections. 
Here a connection is considered as one configuration of 
the network, and an operating condition as one set of 
terminal conditions applied to this configuration with 
the resulting current, voltage, and power distribution. 
The data describing a connection are given first, then 
follow the terminal conditions which apply to each 
operating condition included under this connection. 
This is repeated for each different connection studied. 

The numerical statement of the data for the various 
connections in the problem will be given. 

connection I (corresponds to the first case mentioned 
above) 

In Fig. 6 is shown the diagram of connections. 
The constants are tabulated in Table VI. The ratio¬ 
changing transformer in CI at C has 0 to 10 per cent 
voltage buck or boost. 

Operating Condition l-l . The necessary terminal 
conditions to establish operating condition 1-1 include 
the generating-station power outputs (Table VII), 
the power and reactive kv-a. taken by loads (Table 
VIII), and the voltage maintained at points where it is 
under control. These points must in general be busses 
to which are connected synchronous machines. Busses 

A, D, F, J, K, and Q are maintained at 100 per cent 
voltage by the synchronous generators, and busses 

B, C, H, I, and N at 100 per cent by synchronous con¬ 
densers. The ratio-changing transformer at C is set 
at the one-to-one ratio, i. e., it has no effect on the 
reactive kv-a. distribution. 

Operating Condition 1-2. The terminal conditions 
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are identical with those for operating condition 1-1, but 
the ratio-changing transformer is set at 5 per cent step- 
up of voltage from bus C to the line CI. 

It may be mentioned that any other terminal condi¬ 
tions could be set with equal ease, but merely to make 

TABLE VI 
CONSTANTS 


Constants of the equivalent —t circuits* representing the lines, trans¬ 
formers, etc., connected between adjacent busses. All quantities are 
expressed as a per unit on a 100 , 000 -kv-a. base. 


Circuit element 

Architrave impedance* 

Pillar admittance* 

(at each end) 

A B 

0.0X13 + JO. 132 

+ 7*103 X 10 - 3 

B C 

* 0.0082 + /0.079 

62 

D C 

0.0176 + /0.208 

,162 

Cl 

Q. 0098 + 7*0.0915 

71 

CG 

0.0054 +j 0.0620 

46 

FG 

0.0041 + 7 * 0.0470 

35 

GH 

0.0071 + 7*0.084 

65 

HI 

0.0141 + 70.134 

103 

JI 

0.0091 +j 0.174 

140 

IL 

0.0058 + 7 * 0.0640 

0 

LK 

0.0010 + 7 0.0190 

0 

KM 

0.038 +J0.581 

0 

MN ' 

0.106 +J0.487 

0 

LN 

0.056 +7 0.513 

0 

NO 

0.0195 +>0.376 

18 

HO 

0.0108 +7*0.160 

0 

OP 

0.0109 +7*0.121 

5.6 

PQ 

0.024 +7*0.037 

0 


♦For explanation of terms see L. F. Woodruff, “Electric Power Trans¬ 
mission and Distribution,” John Wiley and Sons, Inc., 1925, pp. 139 and 


the synchronous machine at bus K is reduced by 
approximately the amount of power which was fed 
into the network by line D C in connection I, otherwise 
the terminal conditions are unchanged. The trans¬ 
former at C is set at unity ratio. 

Operating Condition II-2. Same as II-l except that 
the transformer at C is set to step up the voltage 5 per 
cent between bus C and line CI. 

Operating Condition II-S. Same as II-2 except that 
the transformer ratio is set for 10 per cent step-up of 
voltage instead of 5 per cent. 

CONNECTION III 

Line CI is disconnected from the network at both 
ends, otherwise the network is identical with con¬ 
nection I. 

Operating Condition IJI-1. The terminal conditions 
are the same as in 1-1 except that the outputs of the 
synchronous condensers at C and I are limited to the 
values fixed by the results secured in connection I. 
This limits the control of the voltage at busses C and I 
to those values which are attainable with the restricted 
condenser outputs. The voltages at these points are to 
be as near 100 per cent as possible, and the loads are to 
draw specified power and reactive kv-a. independent of 
the bus voltages. 


TABLE VII 

GENERATING-STATION OUTPUTS 
Power expressed as a fraction of base kv-a. 


Station 

Output. 


A 

1.95 


D F J Q* 

2.30 0.52 2.42 / _ Q 0j} 


♦Bus K represents a large load center with extensive steam generating 
equipment, which is, however, insufficient to carry the entire load at K 
The combination of generators and loads at this point is represented by 
an admittance load and a synchronous machine which absorbs the differ¬ 
ence between the locally generated power and that consumed exclusive 
of the admittance load. The machine at Q represents a similar com- 


tThe synchronous machine at K takes the difference between the power 
generated in the network and that consumed by losses and the other loads 
It should lie within the limits given. 


Power and reactive kv-a. 
tion of base kv-a. 


TABLE VIII 
LOADS 

(lagging) taken by loads, expressed as a frac- 


Point 


Power 


Reactive 

kv-a. 


Point 


Power 


Reactive 

kv-a. 


B 

C 

D 

I 


0.36 

0.58 

0.29 

0.68 


0.320 

0.192 

0.204 

0.60 


K 

M 

N 

P 


0.82 

0.45 

0.38 

0.32 


0.82 

0.238 

0.345 

0.206 


the statement of the example as simple as possible, 
essentially the same terminal conditions are used 
throughout. 

CONNECTION II 

The diagram of connections and the constants are 
the same as for connection I except that station D and 
line DC ere not connected to the system. 

Operating Condition II-l. The power consumed by 


CONNECTION IV 

If the results of connection I show that line G H 
carries more than 100,000 kv-a., a phase-shifting trans¬ 
former is to be inserted in line HI at I which will intro¬ 
duce a series voltage in this line at right angles to the 
line voltage, and thus change the power flow in this line. 

Operating Condition TV-1. The terminal conditions 
are to be identical with those in 1-1. The phase- 
shifting transformer voltage is to be adjusted to such a 
value that the load on line G H is reduced to 100,000 
kv-a. 

This completes the numerical statement of the prob¬ 
lem and the first step in its solution is the selection of a 
suitable Analyzer scale. This is Usually done by in¬ 
spection, noting the range of currents and impedances 
and then choosing a round-figure Analyzer base which 
will give convenient magnitudes. Since normal Ana¬ 
lyzer voltage is 200 volts, it is necessary to consider only 
scales for current and impedance. An inspection of 
Tables VI, VII, and VIII shows that a current base of 
one ampere (and the corresponding 200-ohm impedance 
base) results in suitable impedance ranges, and mag¬ 
nitudes of current and power within the range of 
accurate measurement. 

It may be noted here that with the constants of the 
lines given for one phase line-to-ground, power read on 
the Analyzer is phase power if the Analyzer voltage is 
considered as line-to-ground voltage, and total power if 
it is considered as line-to-line voltage. The latter 
method is slightly more convenient for the interpreta¬ 
tion of results. 
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The second step in the solution is the connection and 
adjustment of the units to represent connection I. 
As the third step, the terminal conditions are adjusted 
to represent operating condition 1-1, after which, as 
the fourth step, the results desired are read from the 
various instruments. The last step consists of con¬ 
verting the current, voltage, and power readings to 

TABLE IX 

RESULTS FOR OPERATING- CONDITION / -I 
All quantities are expressed as fractions of base quantities 


a. Generating-Station Outputs (Power -j- j leading kv-a. as a fraction) 


Station 

Output 

Station 

Output 

A 

1.96 + 7*0.07 

J 

2.42 -/0.22 

D 

2.30 -7*0.32 

K 

-2.22 -/1.74 

F 

0.62 + 7 * 0.09 

Q 

-0.62 -7*0.47 


b. Voltages at Unregulated Busses 


G M 0 P 

1.00 0.893 0.990 1.000 

c. Power, Reactive Kv-a. f and Current in Branches 


Power and reactive lcv-a. are at point designated by the first letter, 
flowing in the direction from first to second letter. Leading kv-a. is 
positive. Architrave currents are given. 


Branch 

Power 

Reactive 

kv-a. 

Current 

Branch 

Power 

Reactive 

kv-a. 

Current 

A B 

1.95 

+7*0.07 

1.95 

JI 

2.42 

- 7 * 0.22 

2.43 

B C 

1.48 

+7*0.09 

1.48 

IL 

3.57 

- 70.28 

3.60 

D C 

1.99 

- 7 * 0.12 

1.99 

LK 

3.26 

+ 70.60 

3.31 

Cl 

1.92 

+/0.14 

1.92 

KM 

0.25 

-7*0.18 

0.31 

CG 

0.88 

+7*0.13 

0.89 

LN 

0.23 

+7*0.03 

0.23 

FG 

0.52 

+7*0.09 

.0.53 

ON 

0.37 

+ 7 * 0.01 

6.37 

GH 

1.40 

+7*0.13 

1.41 

0 P 

0.96 

+7*0.13 

0.93 

HI 

0.03 

+ 7 * 0.10 

0.10 

PQ 

0.63 

+7*0.45 

0.78 


d. Synchronous-Condenser Outputs (lagging kv-a.) 

B C H I N 

0.63 0.63 0.23 1.66 0162 


e. Angles of Bus Voltages 


A . 

.49.5° 

J . 

... 42.4° 

B . 

_34.5 

K* _ 

... 0.0 

C. 

....27.6 

L . 

... 3.7 

D . 

.52.5 

M . 

... -9.0 

F . 

-25.8 

N . 

... 0.2 

G . 

_24.3 

0 . 

... 4.8 

H . 

_17.6 

P . 

... -2.0 

I . 

_17.1 

Q . 

... -4.2 


♦Used as reference for angles. 


fractions or per units of the Analyzer base, these frac¬ 
tions also applying directly to the system base. 

These various steps have been carried out for the 
problem stated above, and the results obtained are 
tabulated in Tables IX and X, being arranged in the 
same order as the statement. A rather complete set 
of results is given for operating condition 1-1, while for 
the others only those results are given which are of 
immediate use. 

Discussion of Results. A brief rdsum4 of the results 
will be given, interpreting them in terms of the questions 
included in the statement of the problem. Considering 
connection I, it is seen that operating condition 1-2 
requires approximately equal synchronous condenser 
installations at C and I, this division of condensers 
being accepted as most suitable. 

The synchronous condenser requirements at C and I 
for connection II can be plotted as a function of the 
transformer ratio from the tabulations and the best 
distribution fixed upon for this stage of the system 
development. Conditions in the other lines were 
changed inappreciably by altering the transformer 
ratio. 

Removing line CI in connection III had no serious 
effects other than reducing the voltage at several 
busses. Increased synchronous condenser installations 
at C and I would have made possible the maintenance 
of normal voltage at C, H, and I. 

As anticipated, line G H is overloaded in connection I 
(i. e., carries in excess of 100,000 kv-a.), and in connec¬ 
tion IV the magnitude of quadrature voltage necessary 
to remove the overload was found to be 0.17, as shown 
in Table X. 

Since the example is merely illustrative no further 
analysis of the specific results will be given. Of more 
interest are the time requirements and accuracy. 
Table XI gives the approximate time spent on the 
various operations of solving this problem starting from 


table x 

RESULTS FOR OPERATING CONDITIONS 1-2. II-l, II-2, II-3, III-l, AND IV -1 
Power and reactive kv-a. are at first point in the direction from first to second point. Leading kv-a. is positive. Architrave curr en ts are given. 
All values are fractions of base quantities. The quantities in the rectangles are arranged as follows: upper left, power; upper right, reactive kv-a.; lower, 
current. 


Operating 

condition 


Condenser out 

puts 


Lines 


B 

C 

H 

I 

N 

CG 

Cl 

GH 

HI 

IL 

1-2 

0.53 

1.06 

0.23 

1.09 

0.64 

0.89 +/0.12 
0.90 

1.90-7*0.40 

1.94 

1.41+/0.12 

1.42 

0.041 +J0. 08 
0.09 

3.56-7*0.26 

3.58 

II-l 

0.49 

0.23 

0.08 

1.03 

0.64 

0.325+7*0.066 

0.33 

0.53+7*0.09 

0.54 

0.85+7*0.095 

0.85 

-0.311+/0.053 

0.316 

1.86-70.05 

1.86 

II -2 

0.49 

0.64 

0.08 

0.60 

0.64 

te 

« 

u 

« 

u 

II-3 

0.49 

1.06 

0.08 

0.15 

0.64 

tt 

u 

a 

ft 

tt 

III-l* 

0.53 

1.09 

0.25 

1.10 

0.65 

2.80 -70.36 
2.85 

0+7*0 

0 

3.29-7*0.54 

3.43 

1.52 +7*0.19 
1.65 

3.15+7*0.28 

3.34 

IV-lf 

0.53 

1.09 

0.15 

1.09 

0.64 

0.49 +7*0.13 
0.51 

2.31-70.48 

2.36 

1 . 00 +/ 0.10 

1.00 

-0.46 +70.09 
0.47 

3.47-7*0.22 

3.48 


♦Voltages at; C N I P N M 

0.99 0.931 0.960 0.990 0.968 0.871 

fPhase-shifting transformer voltage is 0.17 advancing terminal voltage of line J H at J with respect to bus I. 
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the data as given. It should be noted that in the time 
stated a problem on an unfamiliar network has been 
solved and the results checked as outlined below to 
eliminate errors. 

Although a direct determination of the over-all 
accuracy by comparison with precise computed solu¬ 
tions is impracticable, the possible errors introduced in 
various steps of the procedure can be approximately 
evaluated. The methods used to detect mistakes and 
inaccuracies and to determine the limits of normal error 
will be briefly considered, together with the range of 
these errors. 

Several checks on the final results are conveniently 
made, among which are the summing of power and 
reactive kv-a. at busses, a comparison of the impedance 
of a branch with the quotient of the voltage drop by the 
current; and the closure of the line-drop vector diagrams 
for loops. The application of these checks to this 
example and to other problems show that the measured 
power and reactive kv-a. inflow and outflow at a bus 
differ by not more than two per cent and usually by less 
than one per cent. The impedance of network branches 
as measured by voltmeter and ammeter is usually 
within one per cent of the given value even though no 
correction for current is made when setting the reactors. 
Loop line-drop vector diagrams ordinarily close within 
one per cent of the line voltage. 

Whereas the foregoing checks make apparent any 
appreciable mors in measurements or settings of units, 
they do not demonstrate the accuracy of the solution 
with respect to a perfect solution. That is, it is possible 
for small errors which may compensate in these checks, 
and errors due to small deviations of the terminal set¬ 
tings from stated values to appear combined in par¬ 
ticular individual results. Thus it is difficult to 
determine what the maximum departure of a given 
experimentally measured quantity is from its true 
value because of the labor involved in computing a 
check to the necessary precision. However, the follow¬ 
ing statements can be made: Line voltages are 
relatively precise, and are ordinarily well within one per 
cent. Power and reactive kv-a., on the other hand, 
may differ from the true values by as much as 5 per 


table XI 

TIME REQUIRED FOR SOLUTION* OP THE ACCOMPANYING 
__EXAMPLE 

1. Preparatory Work ~ 

Selection of scale, conversion of constants to Analyzer scale 
preparation of plugging diagrams with unit settings' 
preparation of data sheets 

Total (one man). 

2. Use of Analyzer . 16 "• 

Plugging connections, setting units, and checking both 2 

Setting first operating condition. . „ 

Taking data first operating condition.. , 

Setting remaining operating conditions . k 

• Taking remaining results. .. ° 


„ - Total (2 men and Analyzer). 17lt hr 

8. Conversion of results to nominal base and checking results 
__Total (one man)...... W^hi. 


cent when the quantities themselves are small. Cur¬ 
rents are probably correct to 2 per cent or less. These 
statements apply to results as ordinarily taken. With 
additional precautions, which have been used in some 
problems, better accuracy by a factor of two or three 
can be obtained at the expense of considerable time, but 
the data seldom justify this expenditure. 

Summary and Conclusions 

1. An improved a-c. network computing device, 
called the Network Analyzer, is described in this paper, 
its purpose being to determine by direct measurements 
in the laboratory the voltage, current, power, reactive 
power, and phase angle at any point of a network. Its 
scope of representation in its present form is 8 
generating stations, 60 lines and cables with their 
capacitance, 40 loads, 4 ratio-changing transformers, 
and the usual number of synchronous condensers. 

2. The Analyzer uses phase-shifting transformers 
rather than rotating machines to represent synchronous 
machines and generating stations. Its operation is thus 
greatly simplified and speeded up in comparison with 
previous miniature systems. 

3. A voltage scale of 200 volts at 60 cycles is used, 
the nominal current scale being 0.5 ampere. 

4. Portable indicating instruments are used through¬ 
out, including thermocouple voltmeters and ammeters 
and suspended-armature wattmeters, by means of 
which current, voltage, and power are read directly at 
any point of the system without materially disturbing 
current distribution and voltage drops in the network 
and without necessitating corrections or adjustments 
for the presence of the instruments. The accuracy of 
the instruments is one per cent of full scale. 

5. The accuracy with which a given set of circuit 
constants can be reproduced is approximately one per 
cent. The accuracy with which the instrument read¬ 
ings represent the quantities which are uniquely deter¬ 
mined by a given set of circuit constants and terminal 
conditions is one per cent or better in the case of voltages, 
approximately 2 per cent in the case of currents, and 3 
per cent—with a maximum of 5 per cent for gmnii 
magnitudes—in the case of power and reactive kv-a. 
This accuracy has been attained by providing (a) steps 
as low as one per cent or smaller for the adjustment of 
the impedance units and in the settings of the phase- 
shifting transformers, (b) a value of effective resistance 
in the reactors of the order of 4 per cent of the reactance, 
(c) a design of magnetic circuit in the reactors such as to 
give not over one per cent change of inductance due to 
change of current throughout the entire operating range. 

6. The Network Analyzer is intended to be used: 

(a) For purposes of teaching and research by 
students and research staff of the Massachusetts 
Institute of Technology, and 

(b) For commercial engineering service in the 
solution of network problems for engineers in 
operating and designing work. 
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In its design major consideration was given to the 
requirements for the use by students. As a tool for 
engineers, it is adapted to the solution of system prob¬ 
lems arising in normal operation, growth, and inter¬ 
connection; to the point-by-point computation of 
stability problems including the effects of symmetrical 
or unsymmetrical short circuits and sudden circuit 
changes; to the determination of steady-state load 
limits and to short-circuit studies in the relatively few 
cases where the d-c. calculating table will not yield 
adequate results. 

7. The ability of the Analyzer to accomplish the 
purpose for which it was designed has been demon¬ 
strated by the solution of actual network problems 
which it has been called upon to solve. Results are 
obtained not only with relative ease, but with a dis¬ 
patch that appeals to one who has experienced the 
tediousness, the delay, and in some cases the hopeless¬ 
ness of arithmetical solutions. 
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Discussion 

R. C. Ber Avails I waR very much interested in hearing the 
paper on the M.I.T . Network Analyzer because an a-c. calculating 
board was recently put into service at our East Pittsburgh 
works. It has been used on typical problems covering load 
distribution, voltage regulation, phase angle control, and stability 
with an over-all accuracy of from 1 to 3 per cent which checks 
very closely with the degree of accuracy mentioned by Mr. 
Hazen. 

Our board differs from the M. I. T. network analyzer in that a 
central metering table is used and the frequency is 480 cycles. 
This frequency was chosen because it is the highest that could be 
used with dynamometer type meters and the high frequency 


permitted smaller reactors and condensers to be used. The 
board had 10 generating sources and about 240 circuits equipped 
with suitable units of resistance, reactance, and capacity. The 
voltage and phase angle control for each source is obtained from 
two phase shifl ors in series. I will not. tako up more timo describ¬ 
ing the board because this was covered by an article in the May 
1930 issue of the Electric Journal by Mr. H. A. Travers and 
Mr. W. W. Parker. 

The board was used in solving a complicated stability problem 
with a considerable saving in time. The generating sources, 
transmission and distribution network, load impedances, etc., 
were set lip with the proper phase relations between the generat¬ 
ing sources to obtain load and wattless current distribution 
corresponding to normal operation. A short circuit was then 
applied and the power outputs from each of the generating 
sources measured. The difference between the normal output 
and the output under short circuit conditions represents the 
onergy available for accelerating or retarding the rotor. The 
angular position of each rotor after a short period of time can be 
calculated assuming that the output remains constant. Tho 
phase shifters are then set to tho new angular position and new 
power output measurements obtainod so that oscillations of the 
entire system of live or six elements can he plotted. The board 
gives the voltage at. various points on the system and makes it 
possible to change the impedance of tho induction motor loads to 
correspond with the slowing down of tho motors as a function of 
low voltage and time. The increasing complexity of power 
systems will undoubtedly extend the usefulness of a-c. calculating 
boards in the future. 

I. Iff. Summers * One of the holds of application of the network 
analyzer is that of large power system stability analysis. It is 
particularly valuable in transient stability analysis on a large 
power system where the behavior of the number of stations is to 
be investigated. The reasons for this may be brought out by a 
comparison of the methods which might be used for the analytical 
calculation and thoso which might be used on the analyzer. 
Analytical methods are given in The Calculation of Alternator 
Swing Curves, by F. R. Longley (see p. 1129). Equations 8 to 28 
of this paper and the procedure outlined in items 1 to 8 at the 
end of the main body of the paper give the essence of this method. 

While this method may be considerably simplified in many 
cases as has been brought out before in the Literature, there seem 
to be some cases when the full analysis as given by Longley, or 
some equivalent, is considered necessary. An inspection of 
Equations 28 shows that each step of the calculation as given, 
requires the solution of a determinant of the order of the number 
of machines being included in the calculation or an equivalent 
amount of work, in order to find new voltages “behind quadrature 
reactance” in the machines after an angular swing has taken 
placo. While this process is perfectly possible and has been to 
my knowledge carried out in many cases in regular work on 
system stability * analysis, it does require the expenditure of 
considerable time and labor if many machines are being included 
in the calculation. 

It would seem that this step of the procedure could be con¬ 
siderably shortened by the use of the network analyzer. In 
addition, the analyzer should shorten the work of finding the 
torques acting on the rotors of machines. It should also facilitate 
the calculation of driving point and transfer impedances in the 
system connections between machines. 

F. O. Urban: This paper states that one of the fields of 
application of the network analyzer is that of system stability 
analysis. The analyzer affords a very attractive means for 
making the steady-state solutions of the network necessary at 
each point in a step-by-step transient study, and I have been 
working on this application as a Master’s thesis problem at the 
Massachusetts Institute of Technology. Both graphical and 
analytical methods for a point-by-point study of machine swings 
have been well outlined in the literature. The method where the 



1114 


HAZEjST, SCHURIG, AND GARDNER 


Transactions A. I. E. E. 


network analyzer is used as an adjunct is but slightly modified, 
although many tedious calculations are eliminated. 

Briefly, the method is as follows. The network is set up on the - 
analyzer. Certain terminal conditions of synchronous machine 
power and reactive kv-a. output, and system voltages are given. 
A steady-state solution is made and the power, excitation, and 
phase angle of each machine are determined. The disturbance 
to be studied is then reproduced on the analyzer. That is, if a 
generator is suddenly dropped off, the corresponding phase 
shifter is disconnected; if a short circuit is to be studied, the 
proper line-to-neutral impedance is connected at the point of 
fault to correctly reproduce the positive phase-sequence condi¬ 
tions in the network with fault on and so on for whatever dis¬ 
turbance is to be studied. The angle of each phase shifter is left 
unchanged and the magnitude of its voltage is adjusted to 
correspond to holding machine flux linkages constant. The 
electrical power of each machine is then determined by means of 
wattmeters connected to the phase-shifter terminals. This is the 
power the first instant after the disturbance, and the difference 
between it and the power obtaining in* the steady-state solution 
is the differential power to accelerate or retard the rotor of the 
corresponding machine. Knowing the inertia of the machine 
rotor, the change in time-phase of the excitation voltage vector 
for some small time interval is calculated on the assumption that 
the differential power (difference between shaft and electrical 
power) is constant over the interval. The amount by which the 
field linkages change during the first interval due to decay of 
induced field current, exciter, and voltage regulator action is also 
calculated. Knowing the new linkages and phase angles of each 
machine at the beginning of the second interval, the correspond¬ 
ing phase-shifters are properly adjusted in magnitude and angle. 
The electrical power on each machine following these changes is 
determined directly by the wattmeters and the differential 
power effective over the second interval of time obtained as for 
the first interval. The process is continued for as long a time as 
desired. The effects of governor characteristics, if known as 
functions of some quantity such as speed or slip, can easily be 
brought into the problem at the proper point in the same manner 
as in a strictly analytical solution. Damping is handled similarly. ' 
Static loads, if their characteristics are known as functions of 
positive-sequence voltage, can also be properly handled. 

In order to represent synchronous machine characteristics by 
means of the phase shifters the Blondel two-reaction theory as 
extended by Doherty and Nickle and by Park and Robertson 
was adopted. Saturation effects are neglected. On the basis of 
the theory developed by these writers, the vector diagram of a 
synchronous machine having no excitation in the quadrature 
axis and having equal transient and synchronous reactances in 
the quadrature axis is shown. More complicated cases can also 
be handled, but this one was chosen for purposes of illustration 
(Fig. 1). 

The excitation voltage, corresponding to the field current, is 
e dt Zd and x q are direct and quadrature synchronous reactances 
respectively; x d ' is transient reactance in the direct axis; and 
e d! is fictitious voltage which corresponds to the total field 
linkages. 

By inspection of the diagram it was decided that 0 Q (following 
the notation of Park and Bancker) could most advantageously 
be represented by the phase-shifter. If the phase-shifter is 
connected to the network through a reactance x q , 0 Q will be 
correctly represented by the terminal voltage of the phase 
shifter. The magnitude of 0 Q for the steady state is determined 
by a solution on the analyzer with the given terminal conditions 
The excitation is then O Q + i d ( Xd - Xq ), The current i d can 
be easily measured, if a spare phase shifter is available, by con¬ 
necting the current coil of a wattmeter to the terminal of the 
phase-shifter representing 0 Q and by exciting its potential coil 
with a unit voltage at right angles to 0 Q. The voltage e d ' is 
O Q - i d ( Xq - x /) t and this, representing total field linkages, 


remains constant for the first instant after the disturbance. 
Following the adjustment of the analyzer for the steady-state 
conditions, the e d ' for each machine is calculated. The dis¬ 
turbance is then produced in the network and the 0 Q’s held 
constant in phase and adjusted in magnitude until the condition 
0 Q = e d f + i d 0 x q — x d ') is satisfied for each machine. This 
can be arrived at by a series of successive approximations per¬ 
formed on the analyzer. The electrical power of each machine 
for the first instant is then determined by means of a wattmeter. 
This makes possible the determination of differential torque and 
hence the angular swing of each machine during the first time 
interval. The value of e d ' at the beginning of the second interval 
is the value at the beginning of the first interval plus the change 
due to field transients and exciter and regulator action, and must 
be determined analytically. The vector 0 Q, representing rotor 
angle, is shifted in phase in accord with the calculated swing and 
adjusted in magnitude so that the condition 0 Q — (e d f at 
beginning of second interval) + i d (x q — x d ') is satisfied for each 
machine. The process is repeated for the successive time 
intervals. 

At present it is not possible for me to make any comparison 
between the amount of time required by the analyzer in a 
problem of this nature and that required for a purely analytical 
solution where the same factors are taken into consideration. 
Information in this regard will, however, soon be available. 



C- F. Scotts The thing which has impressed me most with 
regard to the elaborate network analyzer has not been brought 
out in the general discussion although it may be inferred from 
the photographic illustration. That feature is the large size. 
A space equivalent to a good sized room is surrounded by devices 
that look like filing boxes of some sort. It is really a very big 
thing and the thing itself is much more impressive than the 
description. 

I had opportunity a few weeks ago to see a circuit device of a 
comparatively very simple sort made by Mr. H. S. Baker of the 
Ontario Power Company at Niagara Falls. The units of the 
network here are not adjustable but correspond to the actual 
constants of the various elements of the circuit. Hence, when a 
new line is to be added to the system it can be added to the model 
and determinations made as to the characteristics of the proposed 
system. This device was said to be particularly useful in de¬ 
termining the effects which would be produced by short circuits 
at particular points. 

O. R. Schurijg: The discussions have clearly indicated the 
value of the network analyzer for solving in a relatively short 
time and with good accuracy a variety of network problems, 
some of which would require an enormous amount of work if 
solved by mathematics. Thus transmission engineers can now 
analyze their systems in regard to stability, load distribution, 
and regulation problems as they have never done before and 
will thereby accomplish improved service and better economy 
in the use of equipment. 



Calculation of Protection of a Transmission Line 

by Ground Conductors 

BY HERBERT BRISTOL DWIGHT 1 2 3 
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Synopsis.—This paper discusses the well-known calculation of 
the degree of protection afforded to a transmission line by ground con¬ 
ductors , on the assumption of the sudden disappearance of a vertical 
potential gradient caused by a charged cloud, Formulas are given 


for the protective ratio due to one and two ground conductors. It is 
shown that for any number of ground conductors , it is not necessary 
to compute the charges on the power conductors, 


I N calculating the degree of protection afforded 
to a transmission line by its ground conductors, 
a calculation which is frequently used by electrical 
engineers is that based on the assumed sudden dis¬ 
appearance of a large potential gradient from the earth 
upward. Such a calculation was described by R. P. 
Jackson* in 1907, and by E. E. F. Creighton* in 1916. 

In this paper are given some formulas for particular 
cases, and some methods for shortening the work of 
calculation. 

The calculation of protective factor is based on the 
assumption that a vertical potential gradient is induced 
by a charged cloud, and that this causes charges to col¬ 
lect on all the conductors; then the gradient is 
suddenly removed when the cloud discharges. The 
charges on the ground conductors go to earth very 
quickly to a sufficient degree to bring the potential 
of the ground conductors to zero. The charges on 
the insulated conductors remain long enough to raise 
the potential of those conductors, and if the potential 
is high enough, to cause a flashover of an insulator. 
The protective factor is the ratio of the potential of the 
power conductor when protected by ground conductors, 
to its potential if it were not so protected. 

In the calculation described by Mr. Creighton, the 
values of the charges on all the conductors in the sys¬ 
tem were found. It will be shown that by finding 
charges on the ground conductors when the power 
conductors are considered absent it is possible to cal¬ 
culate the protective factor according to the stand¬ 
ard theory. This reduces the number of simultaneous 
equations to be solved and shortens the work con¬ 
siderably. 

Let there be ground conductors GiG* .... . and 
insulated power conductors A.B.C .all paral¬ 

lel to each other. 

If there is a voltage gradient, each conductor takes 
up a charge so that when a unit charge is carried from 
the image of a given conductor to that conductor, the 
work done by all the charges is equal to the voltage 
gradient multiplied by twice the height of the given 
conductor. The power voltage is neglected. If the 

1. Massachusetts Institute of Technology, Cambridge, 
Mass., and New England Power Construction Company. 

2. R. P. Jackson, A. I. E. E. Trans., 1907, p. 873. 

3. Theory of Parallel Grounded Wires, by E. E. P. Creighton, 
A. I. E. E. Tbans., 1916, p. 845. 

Presented at the North Eastern District Meeting of the A. I. E, E., 
Springfield, Mass., May 7-10,1930. 


gradient is suddenly removed and none of the charges is 
changed, the voltage on each conductor is equal to the 
gradient times its height. 

Now the ground conductors are presumed to have 
their charges reduced or changed very quickly, so that 
each ground conductor has zero potential, before any 
appreciable change takes place in the charges on the 
insulated power conductors. 

The reduction in the work done by the charges in 
carrying a unit charge from the image of a given ground 
conductor to that conductor is dependent upon thereduc- 
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Fig. 1—Ground Conductors and Power Conductors and 
Their Images 

tion in charge of the ground conductors. It is not de¬ 
pendent upon the presence or size of the charges on the 
power conductors, since, according to the assumption 
made, those charges do not change. The reduction 
in the charge on each ground conductor is therefore not 
dependent upon the size or position of the power conduc¬ 
tors, and may be calculated by assuming the power 
conductors to be absent. 

The reduction in voltage on a given power conductor 
such as A is equal to one-half the reduction in the work 
done on a unit charge carried from the image of A to A. 
Thisisdependent upon thereductioninthe charges on the 
ground conductors, and this has been shown to be un¬ 
affected by the presence of the power conductors. 
Since the charge on A does not change, the reduction in 
voltage on A does not depend upon the shape or diameter 
of A, but merely on the position of A. The protective 
ratio of A is obtained directly from the reduction of 
voltage on A, described above. 

It is possible, therefore, to calculate the protective 
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ratio for one power conductor near a group of ground 
conductors by assuming that the other power con¬ 
ductors do not exist. It is also possible to plot curves 
showing the protective ratio around a group of ground 
conductors, and these curves will be the same for power 
conductors of any diameter. (See Figs. 2, 3, 4, and 5.) 


equal to each other. The number of simultaneous 
equations to be solved is then equal to approximately 
one-half the number of ground conductors. The one 
main calculation will give the protective ratio for all the 
power conductors. Thus, the calculation becomes as 
follows: 

Find the charges on the ground conductors due to the 
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0.6 0.4 02 0 0 2 0.4 

PROPORTIONATE DISTANCE 

Fig. 2—Single Ground Wire 

Full lines, ground wire % in. diameter; SO ft. average height 
Dotted line, ground wire % in. diameter; 35 ft. average height 

In overhead work, when measuring the distances to 
the other conductors, the diameter of a conductor 
is negligible compared with the distance to other 
conductors. Similar sets of curves obtained by this 
same general method were given iby R. P. Jackson. 
(Ref. 2.) 

/"Ground Wire 




0 2 c 4 6 

FEET 

Pig. 4—Protective Factor, P, due to One %-In. Ground 
Wire, 28 Ft. Average Height. 

Typical of a wood pole line 

voltage gradient, all the power conductors being con¬ 
sidered absent. Then carry a unit charge from the 
image of any of the power conductors to that conductor. 
This gives the reduction in voltage on that conductor 
due to suddenly grounding the ground conductors, 



0 2 * „ 68 id 

FEET 

Fig. 3— -Protective Factor, P, dub to One 7., -Inch 
Ground Wire; 65 Ft. Average Height. 

Typical of a steel pole line 

The above paragraphs show that in computing the 
protective ratio for the power conductor A, it is not 
necessary to find the value of the charge on A. This 
mak<» the number of simultaneous equations to be 

t 6qUa *?. the number of ^und conductors. 
In most cases, the arrangement of the ground conduc- 

’J® 811 the P° wer conductors, are 
considered absent, and some pairs of charges can be nnt 


10 • 12 14 

FEET FROM CENTER LINE 

Fia - ® Protective Factor, P, due to Two 7.«-In. Ground 
Wires, 14-Ft. Spacing and 40 Ft. Average Height. 

Typical of H-frame transmission lines 

assuming them to be first insulated and holding the 
charges left by the gradient. By subtracting this 
reduction from the original voltage at the power con¬ 
ductor A caused by the gradient, one finds the final 
vo i™? e on -A, and hence the protective ratio for A. 

This shorter method of calculation has been checked 
tor some practical numerical examples by solving them 
by both the shorter and the longer methods, the same 
result being obtained by both methods. 

8 **** fo und by Mr. H. H. Spencer of the New 
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England Power Construction Company, that consider¬ 
able time and effort in performing the calculation and 
checking it are saved in most cases by expressing the 
result of the simultaneous equations by determinants 
which are symmetrical about a diagonal, and then 
employing the Doolittle Method of evaluating the 
determinants. 

The mirror symmetry which this method of solution 
of ground wire problems involves leads to a simplifica¬ 
tion in the evaluation of the charges on the ground 
conductors through the so’ution of the simultaneous 
equations. 

Regardless of the arrangement of the ground con¬ 
ductors, the simultaneous equations for their charges can 
be so arranged that the determinant of the equations 
will be symmetrical about the principal diagonal; 
that is, the equations can always be so arranged that 
they will be of the form: 

Oi Qi + &i Qa + Ci Qj + di Qt + ... + ri Q« — Ki = 0 

bi Qi 4- bi Qt + Ca Qj 4- dt Qx + ... + r 2 Q n — Ka = 0 

Ci Qi + Ca Qt 4" C 3 Qa 4* da Q\ + ... + r» Q„ — Ka = 0 

d\ Qi 4 da Qa 4 - da Qa + d\ + ... 4* r* Q„ — Kt = 0 


r 1 


Qi + Tv Qt 4 - ra Qa 4- Ri Q 4 + • •. 4* r» Q n — K n 


= 0 


Equations of this form are much used in statistical 
work and a form of solution for them, well known by 
statistical men but not much employed by engineers, 
is the Doolittle Method . 4 This method consists of so 
tabulating and arranging the work that it becomes self¬ 
checking and at each step of the operation, columns are 
footed and lines extended so that the sums obtained 
give a numerical check on all the work done up to that 
point. This removes to a large measure the tediousness 
of solving large numbers of simultaneous equations, 
since the computer is relieved of the dread that an error 
may have been made, necessitating the repetition of a 
large volume of labor. In a ground wire problem in¬ 
volving a large number of ground conductors, 13 
simultaneous equations were solved by this method in 
rather less than one-half the time required for solution 
and checking by the usual determinantal methods. 

For one or two ground conductors, formulas for the 
protective ratio are advantageous, but for more ground 
conductors it is probably better to use numerical co¬ 
efficients and solve the simultaneous equations. 

The protective ratio with one ground conductor is 


where 



, GG' 
a = log 10 —— 



a 


b 


logio 


A'G 
AG ' 


( 1 ) 


4. Frederick O. Mills’ “Statistical Methods,” Henry Holt 
and Company, 1924; pp. 577-581. 


ha = height of ground conductor above the earth, 
h A = height of power conductor A above the earth, 
r a — radius of ground conductor, . 

GG' = distance of ground conductor to its image, and 
soon. 

Equation (1) corresponds to Equation (28a) of 
Reference 3, which contains an error. 
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6—Transmission Line with Four Ground Conductors 


The protective ratio of power conductor A with two 
ground conductors Gi and G 2 is 

(b e — c d) haa + (c e — bf) fe G1 
(e 2 - df)h K 


1- 


where 


, , A' Gi 

b - loe "-AGr 

, A'G 2 

c = ,og ‘° TgT 


e = log 


10 


f = logm 

G'iGi 
r a 1 


Gi' Ga 
Gi G* 

Ga_ Gi 
r Q 2 


d = logio 
If hai = fto 2 and Tqi * Tqz 
Protective ratio — 1— 

K (d + e) 


( 2 ) 


( 3 ). 


Example—Four ground conductors (see Fig. 6 ). 

Tqx ~ Tqz — 0.02033 ft. 

Tea ~ Tai — 0.015 ft. 

First assume that the power conductors are absent. 

By symmetry, Q ai = Q ol and Q ai = Qaa, these being 
chaises per cm. of conductor. 

Carry a unit charge from G/ to Gy. 

The work done against any charge such as Qaa and 
its image is 

' _ , old distance 
Qaa ogn new 


where “old distance” is the distance of the unit charge 
from the center of G 3 before the motion, and “new 
distance” is the distance from the center of Ga after the 
motion takes place, and where logn denotes natural 
logarithm. Thus, 
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2 g M X 65 = 4 Qoi logio ° l Gl + 4 Q al logi 0 —■ ~ 

Cri Cr2 

4-40 W t G ' G * 

+ 4 y as logio + 4 Qq 3 logio ^ 

where gr = the gradient induced by the cloud, in stat- 
volts per foot and M = log 10 e = 0.4343. 

27.5 g M = 4.377 Qa + 0.694 Qaz (4) 

Carry a unit chaise from G» to G 3 

2 g M x 39 = 4 Q os logio ~ + 4 Q al logio w "pr 

C rs Gi 


several previous investigations along this line is based on the 
simplifying assumptions that: 

(a) The cloud discharge is instantaneous, so that the con¬ 
ditions are inherently static. 

(b) The ground wires are ideal, that is, perfectly grounded 
throughout their length. 

Actually, the cloud discharge is not instantaneous and the 
ground wires are not ideal, but are grounded at intervals through 
tower resistances, so that a complete analysis of the situation 
involves: 

(1) The law of cloud discharge, 

(2) The distribution of bound charge, 

(3) The presence of traveling waves, during both their forma¬ 
tion and developed stages, on both line and ground conductors; 

(4) Residual charges, up until the completion of cloud 
discharge, 


+ 4 Qoi logic ~ + 4 Qe» logic ~ 

> 19-5 g M = 0.694 Q 01 + 3.835 Q at ( 5 ) 

Solving the simultaneous Equations (4) and (5) 

Q 01 = 5.638 gM 
aQ d Q g3 = 4.064 g M 

To find the protective ratio of power conductor A, 
cany a unit charge from A' to A against the four charges 
on the ground conductors and their images which have 
just been derived, and let the voltage so found be Faa'. 

Faa' M = 4 Q al logio ~ A jr + 4 Qqi logio ~ A q* 

+ 4 Q q3 logic +‘4 Q g3 logic ^l^ 

Faa'M = 4 X 9.18gM 

1_ 

2 ^aa' = 18.36 g = reduction in voltage on A 

% 

S -—i = voltage on A left by gradient 
20.64 g = final voltage on A 


Protective ratio of A = 


= 0.529 


It is desired to make acknowledgment to Mr. L. C 
Waite of the Stone and Webster Engineering Corpc 
ration for a number of contributions to this papei 
among them Formulas (1) and (3) and Figs. 3, 4, and £ 

Discussion 

V * Bewl t y * Qround ^es are of interest to the transmissio 
line engineer from at least seven different standpoints: 

(1) . Protection against induced potentials, 

(2) Protection against direct strokes, 

2! ^ t ® Cti0n i a f ai f t incomin e high-voltage surges, 

(4J Effect on telephone interference, 

will? . t E i5r!l 0n , Z T phase se<lueilee reactance in connectioi 
with stabihty calculations, 

(6) Effect on corona loss, 

(7) Effect on arcing grounds. 

Of these, Dr. Dwight’s paper is concerned with the first 
protection against induced potentials, and in common witl 


(5) Length of the spans, 

(6) Resistances of the tower footings, 

(7) Successive reflections at the towers, 

(8) Corona, 

(9) Number of ground wires, 

(10) Number of line wires. 

I have recently submitted to the Meetings and Papers Com¬ 
mittee of the A. I. E. E. the manuscript of a paper covering these 
points, in which it is proved mathematically that as far as ideal 
pound wires are concerned, the protective ratio is absolutely 
independent of the law of cloud discharge, distribution of bound 
charge, and presence of traveling waves, and depends only on 
the size and position of the ground wires and the position of the 
particular line conductor under consideration. The general 
system of equations involving all of these factors finally reduced, 
after considerable manipulation, to the static equilibrium equa^ 
tions of the conventional method of solution. Incidentally, 
as Dr. Dwight reasoned, the protective ratio of any line conduc¬ 
tor is independent of the presence of the other line conductors,— 
a fact which is also true in the case of traveling waves. In this 
same paper there is given a general method of solution applicable 
to ground wires which are periodically grounded. To handle 
this much more, difficult case it was necessary to develop the 
theory of traveling waves on any number of mutually coupled 
wires, and to devise a means for taking into account the multi¬ 
plicity of reflections which occur on the spans between towers. 
The most important conclusions of this analysis were: 

(1) The voltage crests of the traveling waves on the line 
wires, a span or two from the zone of bound charge distribution 
are practically reduced by the same amount as is computed in 
the case of ideal ground wires. 

(2) Within the zone of bound charge distribution, the poten¬ 
tials on both line and ground conductors may be of the order 
of four times as great as that of the traveling wave crests. 

In other words, a calculation of protective ratio based on 
ideal ground wires is all right as far as the protection of station 
apparatus is concerned, but is not a correct criterion of what is 
happening at the center of disturbance. 

The equation for the protective ratio in the case of m ideal 
ground wires numbered from No. I to No. m inclusive is 

I P«. Pmlhi I 


Plm . Pmmh m 

p, p, = _L_ Pu .^ 

ho Pu . P nl 


j ^ l™. . Pmm j 

where the p’s are Maxwell’s potential coefficients, and the h’s 
are the heights of the conductors. Subscripts (l) to (m) refer 
to the ground wires, and subscript (o) to the line wire under 
consideration. Note that the other line conductors do not enter. 
Since in most practical cases only a few ground wires will be 
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used, it is only necessary to solve a relatively simple deter¬ 
minate. In the case of a great number of ground wires (Dr. 
Dwight mentions a case of 13 ground wires), it will undoubtedly 
be worth while to acquaint oneself first with the Doolittle method 
of evaluation. 

J. E. Clem: This paper is very interesting and encouraging to 
me because it apparently gives a rigorous proof of certain of the 
principles that the writer worked out by simple algebra a few 
years ago and has used since that time. These are: (a) the volt¬ 
age induced by a cloud field on any insulated wire is independent 
of the presence of all other insulated wires in the field; (b) the 
reduction in the induced voltage of any insulated wife occasioned 
by a ground wire is not affected by the presence of any other 
insulated wires; (c) the reduction in the induced voltage of any 
insulated wire by any one of a number of ground wires numeri¬ 
cally equal to the voltage which would be induced on the insulated 
wire in question by a charge on the ground wire equivalent to the 
charge which would appear on the ground wire if the line wires 
were all absent. This pseudo charge on the ground wire is 
numerically equal to the charge on the ground wire before cloud 
discharge minus the charge on the ground wire after cloud dis¬ 
charge. These principles are useful in estimating the protective 
value of ground wires. 

Contrary to the statement in the paper the application of (c) 
of the preceding paragraph does not reduce the work required 
for the calculation of all because, according to (b), only one line 
wire need be considered at a time and it is not necessary at all to 
calculate the charges on the ground wires or line wires. Work¬ 
ing along these lines the writer has developed independently the 
following general formula for the protection afforded by any 
number of ground wires. 


Rn 


n+l 

•Pn+1 


( 1 ) 


Rn 


hn+i D n 

protective ratio which is defined as the ratio of the volt¬ 
age induced on an insulated wire in the presence of n 
ground wires to the voltage which would be induced if 
the ground wires were not there, 
ftn+i = height of line wire 
D « determinant defined as follows 

A\ Z ?12 Bl 3 . B\ n 

Bn A 2 B 23 
B n == B 3 i B 32 Az 

( 2 ) 


Bin .. An 

Ai Bi 2 Bia. Bm hi 


Bn Ai 


n+l 

D n +l - B 3i 


i l I 

B in . A n hn 

Bun + 1. hn +i 

= Coefficient of self capacitive inductance. 


■ Log 


2 h 


B 


0.03883 ~ r 

Coefficient of mutual capacitive induction 

1 _ Rj 

8 


V) 


• Log* 


0.03883 

hi, hi etc. = height of ground wire in question 
r = radius of wire 


(4) 

W 


R ~ distance from line wire to image of ground wire 
S — distance from* line wire to ground wire. 

This is a general formula applying to any number or arrange¬ 
ment of ground wires. If there were* one ground wire n = 1 

Bn ~ Ai jry _ A\ hi 

2 Bn hi (6) 

Ai hi 

n^J h i -k = » (7) 

* hi A i n 2 A i 

If there were two ground wires n = 2, or if there were three 
ground wires n = 3, and then 


= 1 - 

hi 

Di' 

hi Di” 



hi 

Di 

hz Di 



«1 - 

hi 

Di' 

hi Dz w 

hz 

Di” 

hi 

Di 

hi Dz 

hi 

' Di 

= 1 - 

hi 

zv 

h 2 

Dn " 


hn -\-1 

D n 

hn+\ 

Dn ‘ ’ 

. etc. 


( 8 ) 

( 9 ) 

( 10 ) 


The determinant D n is defined as previously noted and the 
“prime” determinants are obtained from D n by writing 
^ 2 .n+i etc. in the proper column as indicated by the prime. Thus 


zv = B ia 

Bn At 


Di“ 


A\ Bn 
Bn Bn 


(ID 


From these expressions it is clear that the analytical determina¬ 
tion of protective ratio is merely a matter of dimensions and 
the pseudo charge on the ground wires need not be calculated. 
The same results can be obtained by calculating the pseudo 
charge but a little algebra is needed to put the results into the 
same form. 

The preceding formulas can be greatly simplified on the 
assumption that average values of the.capacity coefficients can 
be used. The general formula will then be 


__ j _ ^0 _ n B W(f 

hvj Ag + (n — 1) Bg 

hg — average height of ground wires 
— -\/ hi hi hz — — h% 

h w = height of line wire 

A 0 — average coefficient of self capacitive indue* 
tion of ground wires 

B W g = average coefficient of mutual capacitive 
induction between line wire and ground 
wires 

B 0 *■ average coefficient. of mutual capacitive 
induction between ground wires 

A 0 = 25.75 Log 

r 0 

r Q = \/ Tl 7*2 — — — r n 


B 0 

Rg 

S 0 


25.75 Log A*- 

Sg 


\/ Rn Rn — — — R n t 

'>/ Bn Si3 — —* — Snl 

Ry>0 


B wo « 25.75 Log 


R u 


\/ Rtol Rw2 — Rv. 


8v>g — \/ S w i Stz>2 &wn 

For one, two, and three ground wires the following simple 
expressions result: 
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Kq 

Bwg 

h w 

Ag 


2 Bw0 

h w 

Ag + Bg 

k 0 

3 B W g 

h tv 

Ag +2 Bg 


These simplified expressions are exact for one and two ground 
wires when the heights and diameters are the same and give 
very close results for the usual configuration found in practise. 

In the analytical determination of ground wire protection 
certain assumptions are necessary. These are as follows: 
(a) the surface of the earth is assumed to be the neutral plane 
and the capacitances considered are all in reference to this neu¬ 
tral plane. This is equivalent to considering the earth as a per¬ 
fect conductor which obviously is not the case. However, since 
ratios are involved this may not introduce much error, (b) It 
has been assumed that the ground wire always remains at ground 
or zero potential. This assumption requires that the ground 
wire have no impedance and that the resistance of the earth 
connection be zero, also that the charge on the ground wire will 
change from its initial value to its final value in zero time. Of 
course, these conditions can never be realized so, if nothing else 
entered in, the actual protection could be expected to be lower 
than the calculated. Laboratory tests 1 have shown that the 
protection is reduced as impedance of the ground wire is increased 
and as the resistance of the earth connection is increased. For 
these factors theory and practise unite in indicating that it is 
desirable to use ground wires of low impedance and to have low 
ground resistance. 

An interesting method of calculation has been included by 
Peek 1 in the latest revision of his book on High-Voltage Engi¬ 
neering. 

Laboratory determination of protective* ratios has been made 
by Peek. 1 These protective ratios are better than the analytical 
calculations would indicate. The writer and C. A. Woodrow 
•about the same time independently suggested that the difference 
might be due to corona on the ground wires and line wires. The 
action of the corona would be to increase the effective diameter 
of the wires. Later laboratory tests indicated that the protec¬ 
tive ratio varied with the field gradient and thereby seemed to 
confirm the theory that corona was a factor. Mr. Hunter has 
made calculations in which the effect of corona on the ground 
wires has been approximated on the basis of certain simplifying 
assumptions. 2 

During the field investigations of lightning carried on during 
the past few years considerable attention has been given to the 
effect of ground wires. It is generally conceded that the use of 
ground wires will materially improve service, and that the reac¬ 
tion of several years ago against ground wires was due to im¬ 
proper methods of insulation and the use of unsuitable material. 
It was noted previously that the laboratory tests gave better 
protective ratios than the analytical calculations indicated. 
Studies of the field data indicate that the ground wires in service 
have a protective ratio somewhere between the two values, tend¬ 
ing however to be closer to the laboratory value. Protective 
ratios based on Peek's tests for average circuit conditions have 
been published 3 and in studying the effect of ground wires on the 
induced voltage on any line it is best to determine both values and 
then consider the protective ratio based on the laboratory test 
as the optimistic figure and the protective ratio based on the 
analytical calculations as the pessimistic figure. 


‘‘ DieIectrlc Phenomena In High-Voltage Engineering,” McGraw 
Hill Oo. 

2. Hunter, General Elec. Rev., Feb. 1930. 

3. W. W. Lewis, Relation Between Transmission Line Insulation and 
Transformer Insulation , A. I. E. E. Quarterly Trans., Oct. 1928. Vol. 47 

n ono• ... 


E. M. Hunter: In the method of calculating ground wire 
protection described in this paper and the methods described in 
the references .to the paper, no attempt has been made to include 
the effects of corona in the calculations. On most high-vol¬ 
tage transmission lines, corona appears at a comparatively low 
gradient. 

The potential gradient at the surface of the conductors and 
ground wires under lightning conditions greatly exceeds the 
rupturing potential gradient of air. The air breaks down, form¬ 
ing corona, thus in effect enlarging the diameter of the conductors 
and ground wires. This in turn increases the capacitance be¬ 
tween the conductors and ground wires, and correspondingly 
decreases the induced voltage on the conductors. 

The potential gradient at the surface of a wire is proportional 
to the charge on the wire. 

When a charged cloud is over a portion of a transmission 
line, an electrostatic field is established between the cloud and 
ground. Charges, of sign opposite to that of the cloud, will be on 
the conductors in the cloud field and on the earth. With the 
collapse of the electrostatic cloud field, due to the discharge of 
lightning, the charge which was bound by the cloud field is set 
free and begins to travel along the transmission line. The volt- 



Fig. 1—Potential Between Conductor and Ground for 
Various Cloud Gradients 


Protective ratio 


Voltage with ground wires 
Voltage without ground wires 


age which appears on the transmission line will depend upon the 
capacitance between the line and ground. It would be equal to 
the potential gradient of the cloud field multiplied by the height 
of the line above earth if the circuit were without ground wires. 
The presence of the ground wires increases the capacitance to 
earth; and with cloud gradients sufficient to cause corona, the 
capacitance is further increased as the effective diameter of the 
ground wire is increased. 

The charge on any ground wire in a group of line and ground 
wires is proportional to the charges on all of the conductors in the 
group. Thus it is necessary to write the usual system of simul¬ 
taneous equations for the charges on the conductor and ground 
wires, to determine the charge on the wire in question in order to 
determine its increased diameter. Hence the method of calculat¬ 
ing ground wire protection described by Dr. Dwight cannot be 
used when the effects of corona are to be included. 

An approximate method of including the effects of corona in 
the standard theory of ground wire protection is described in an 
article, “The Effects of Corona on Ground-Wire Protection of 
Power Transmitting Circuits'' by E. M. Hunter, appearing in the 
February 1930 issue of the General Electric Review. 

There exists considerable discrepancy between authorities as 
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to the amount of protection to be expected from ground wires. 
There is a fairly general agreement as to the theoretical protection, 
as calculated from the standard formulas, but the results of tests 
by Mr. F. W. Peek, Jr. in the High-Voltage Engineering Labora¬ 
tory in Pittsfield, Mass, show a much better protection than can 
be obtained from these standard formulas. However, there is a 
close agreement between the values of the protective ratios 
calculated by including the effects of corona with those obtained 
from tests on miniature laboratory set-ups. 

The protective ratio, as calculated by the usual standard 
formulas, is given as constant for all cloud gradients. It is 
interesting to note that when the effects of corona are included in 
the calculations, the protective ratio is no longer a constant but 
varies with the cloud gradient; the higher the cloud gradient the 
better the protection obtained. This was also noticed in the 
laboratory experiments.. 

The induced voltage on a three-phase transmission line pro¬ 
tected by two ground wires as a function of cloud gradient is 
shown in Fig. 1 of this discussion. The protective ratio as 
calculated by the standard formulas is a constant for any cloud 
gradient but when the effects of corona are included in the 
calculations the protective ratio varies with the cloud gradient, 
the higher the cloud gradiont the higher the protective ratio to 
be ox pec tod. 

H. II. Spencer: In regard to Dr. Dwight's papor I should 
like to say a little more about the Doolittle method of solving 
equations. This method has long been used by statistical 
engineers in getting what they call “regression coefficients in a 
multiple correlation equation." I have not the faintest notion 
what the names of those things are but a statistician associated 
with our organization pointed out the method used to me and it is 
exceedingly valuable where the protective ratio due to a large 
number of ground wires is desired. In one installation, a crossing 
over a deep gorge with a very high average distance of the power 
conductors above the earth, we have considered*a screen of 26 
ground wires surrounding 12 power conductors. This involves 
26 simultaneous equations to determine the change of charge on 
each of the ground conductors. Actually, in this case, the 
symmetry of configuration enabled us to proceed with 14 si¬ 
multaneous equations. 

In sotting up the problem for solution by the Doolittle method 
probably no actual labor is saved. It is probably true that 
substantially double the number of actual computations are 
made over and above the number which would be made in solving 
the 14 equations by the usual algebraic methods. The real 
advantage of the Doolittle mothod is that you can rule up a 
form on a large sheet of paper, write down the coefficients in the 
various equations and then pass the sheet of paper to anyone who 
can run a Monroo Calculating Machine and the results are more 
or less automatically produced. The beauty of the method lies 
in the fact that it is self-checking and every time a mistake is 
made it is automatically brought to the computer's attention, so 
that by the time the form is filled out, the value of each unknown 
has been determined and checked so that it is unnecessary to 
substitute back in every equation to be absolutely certain of the 
precision of the work. This relieves you of all the worry that you 
may have to do on the laborious algebra over again; and therein, 
to my mind, lies the real value of the Doolittle method. 

R. P. Jackson: The paper presented by Professor Dwight is 
another one of the efforts begun by myself in 1907, in an Institute 
paper read in Chicago of that year to evaluate the protection 
against lightning obtainable by the use. of overhead grounded 
conductors. All such calculations must, of course, be based on 
certain assumptions. Two of these are that the surface of the 
earth is of uniform zero potential and that the potential gradient 
upward is reasonably uniform. 

The above assumptions are essential to the mathematical 
calculations and, furthermore, they seem reasonable and are 


probably near enough to the truth to afford validity to the results 
as far as potential values are concerned. 

Another assumption has been made, however. That is that 
the release of the charge on the transmission as a result of the 
disappearance of the potential gradient is really an important 
source of lightning trouble on such lines and in the apparatus 
connected to them. Recent data collected in connection with 
lightning investigations have thrown grave doubt on this assump¬ 
tion. In fact, many engineers who have been closely associated 
with research on lightning disturbances have come to the con¬ 
clusion that direct strokes or, at least, side strokes or filaments 
of the main discharge are the chief causes of trouble on high- 
voltage transmission lines. If this is the case 9uch calcula¬ 
tions became of minor importance no matter how correct 
mathematically. 

It appears, in fact, that what we want is a “continuous light¬ 
ning rod" up high enough to make it highly probable that all 
direct strokes will reach the rod or overhead conductor and be 
carried to ground thereby. My paper of 1907 and Professor 
Dwight’s present papor would imply that several comparatively 
small grounded conductors spanned over a transmission line 
would afford a low potential field below them which should be a 
safe place for power conductors. If, as now appears to be the. 
case, direct strokes, or their approximate equivalents, are the 
source of trouble, one grounded conductor large enough not to be 
easily damaged by direct-stroke, high enough to be likely to 
attract the stroke, and of enough conductivity to carry it away, 
is what we want. 

All our earlier calculations in regard to lightning had largely 
to be based on some assumptions. This practical one, however, 
that direct strokes were rare and that potentials induced by the 
electric field of an overhead closed and then released were the 
commoner causo of our troubles now appears to have been 
incorrect. If direct strokes are the main thing to be guarded 
against, such interesting calculations as Professor Dwight has 
given us and as I indulged in over twenty years ago are beside the 
point. To repeat, what we need is strong, non-corrosive, suffi¬ 
ciently massive conductors of proper conductivity placed high 
enough above the line to catch the stroke and usher it politely 
to the ground. How high this should be affords material for 
further mathematical calculations and practical experiment. 

H. R. Dwight: The flashovers of transmission line insulators 
during thunderstorms may be divided into those caused by 
induced voltages and those caused by strokes of lightning or 
branches of such strokes, reaching the transmission line. Mr. 
R. P. Jackson published the calculation of protective factor in 
1907 on the basis of induced voltages, and it has been used by 
engineers for many years with little change. It is still used to a 
large extent. 

Mr. Jackson now states in his discussion that data have been 
collected which show that induced voltages are of little impor¬ 
tance and that direct strokes are the main factor. A similar 
statement is to be found near the end of the paper on The Light¬ 
ning Laboratory at Stillwater , AT. by R. N. Conwell and C. L. 
Fortescue (see p. 872). A description of the data on which this 
conclusion is based would be of considerable interest. 

The increase in protection when there is corona on the ground 
wires, calculated by Mr. Hunter in his article in the General 
Electric Review of February 1930, was suggested by corresponding 
increases measured in impulse tests on models. The calculations 
indicate that a ground wire with corona is very much more effec¬ 
tive than one without corona. 

The question arises as to how much the space charge within the 
corona envelop around a wire behaves like a charge on a very 
large metallic wire. When it is determined to what extent the 
charge represented by the corona returns to the ground wire, and 
how fast it returns, the items might possibly be used as an exten¬ 
sion of the interesting calculations given by Mr. Bewley on the 
effect of ground conductors, using the theory of traveling waves. 



A New Transmission Line Construction 

Post Type Towers 

PERCY H. THOMAS 1 

Fellow, A. I. E. E. 

Synopsis. -J he new construction described is intended to secure towers by heavy guys and in the intermediate towers by the ground 
a sturdy and simple tower, not sensitive to irregularities in footing wires and conductors, which transmit these stresses to the stabilizer 
conditions ,* it is generally applicable where a horizontal arrangement towers. 

of conductors is feasible. The tower consists of an articulated The wide base structure thus secured has substantially no resultant 
overhead transverse bridge carrying the conductors and hinged at the uplift on the footings, offering a very large saving in foundation 
tops of the footings. Two or three intermediate towers are used costs. This saving, together with the lesser material and erecting 
between stabilizer towers. Transverse strength is secured by crossed costs and the great ease with which it is adapted to varying ground 
internal ties and longitudinal stresses are taken up in the stabilizer conditions make this a very economical type of tower. 


C ONSIDERING the wide variety of conditions 
under which power transmission lines are installed, 
the very limited number of types of structures 
actually used is surprising. No one type of structure, 
such for example as the usual four legged, rigid, narrow 
base, cantilever tower, would naturally be expected to be 
the most satisfactory and economical design for all 
services and yet except for the well known so-called 
flexible type almost no other steel tower is used. In 
order to discover whether a different form of line support 
might not have real advantages over the usual type for 
some services, the author has made a careful survey of 
the requirements and the most available alternative 
forms and has worked out what may appropriately be 
called the “post type tower,” a type contrasting sharply 
in a number of important features with the usual designs. 
It is intended primarily as a rugged, simple structure, 
not requiring special skill in erection and having the 
most favorable electrical characteristics, together with 
the lowest reasonable cost. 

Engineers recognize the inherent weakness of the 
four footed rigid tower set on earth stubs, this being in 
effect a light, exceedingly rigid structure placed on an 
uncertain, non-rigid base. The difficulty of framing a 
wide base rigid structure with the relatively light struc¬ 
tural sizes available, as well as side hill conditions, and 
sometimes also the value of the land occupied, have led 
to the development of the present narrow base tower, 
such towers having in many cases, especially on impor¬ 
tant high-voltage lines, a ratio of height to base most 
unfavorable for resisting the severe stresses imposed by 
high winds and broken conductors and resulting in 
greatly, magnified vertical stresses on footings. The 
conditions imposed upon the foundations are particu¬ 
larly severe because the stresses on the footings alternate 
from compression to tension. If any inequality of 
bearing is thus developed, undeterminable but danger¬ 
ous weakness is inevitably introduced. Unfortunately 
there is no way of discovering or remedying such in- 
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equality. It may not be unreasonable to surmise that 
were all the towers of the average existing transmission 
line subjected as they now stand to the mayimum 
conditions of wind, ice, and broken conductors for 
which they were theoretically designed, many would 
fail. I think we may safely conclude that the very 
satisfactory results as to tower performance now secured 
are due to the fact that the severe conditions assum ed in 
design very rarely occur. 

Recent researches have shown that the height of a 
transmission line conductor above ground is one basic 
factor in determining the severity of the exposure to 
lightning, so that the vertical arrangement of conduc¬ 
tors, helpful toward economy of right of way, is decidedly 
unfavorable from the point of view of service in country 
subject to lightning. Furthermore the difficulty in sleet 
country of avoiding arcing due to jumping of cables with 
the vertical arrangement is well known, due to widespread 
trouble from this source. These facts have been borne 
in mind in working out the new type tower. 

The post type tower is fundamentally a broad base 
structure. Such a broad base in a tr ansmis sion tower 
can be secured only by the use of tension members for 
bracing. The wide tower base and the fact that the 
conductors have a minimum height above ground serve 
practically to eliminate all direct resultant uplift on 
the footings. 

The post type tower, which is almost equally well 
suited for one circuit or two circuit lines (see Figs. 1 to 
4), consists of a long transverse crossarm carrying the 
conductors, supported near the two ends by indepen¬ 
dent upright posts, taking only axial stresses. The 
transverse stresses on the line are taken by internal 
tension cross ties located between the posts, and the 
longitudinal stresses by guys. The mechanical con¬ 
nections between the tops of the posts and the crossarm 
and between the bottoms of the posts and the footings 
are hinged, the tops for motion in a transverse plane, 
the bottoms for motion in a longitudinal plane. The 
tension members or guys taking up longitudinal stresses 
are connected to the crossarm in the same horizon¬ 
tal plane as the insulator strings and are located 
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approximately over the posts. Therefore, while the. 
crossarm must take up in a horizontal plane the longitu¬ 
dinal stresses from broken conductors transferring these 
stresses to the guys, there is no bending thus caused in 
the posts. The pull of a broken cable acting on the 
inclined guy, produces a downward component, but 
as the guys are connected near the post tops little 
downward strain is produced in the crossarm. 

Ground wires are preferably connected to the lower 
chord of the crossarm in the same plane as the insulator 
strings and substantially at the same location as the 
guys. They may, however, be connected at a higher 
level on the crossarm, in which case the posts will have 
to be designed to take up the resultant bending moment 
developed in a vertical plane between the ground cables 
and the guys. 

A moment’s consideration will show that this struc¬ 
ture is exceedingly favorable for supporting conductors 
on earth foundations, for no settling of a post footing or 
yielding of a guy anchor, and no error of leveling or 
locating of footings or anchors, within any reasonable 
limit, would cause any material over-stresses in the 



Pig. 1 —Front Elevation, 132-Kv. Double-Circuit Post 
Type Tower Showing Guys and Cross Ties 

structure. At most a certain slackness of cross ties or 
guys may be caused, easily remedied by tightening 
tumbuckles. 

In considering the field of utility of the post type 
tower the question of the right of way assumes unusual 
importance. It will be clear that a wider right of way is 
required for any horizontally arranged circuits than one 
which would be sufficient for a line with vertically 
arranged conductors. The post type is at a disad¬ 
vantage, therefore, where lines must be run through 
woods for long distances or in thickly settled districts. 
On the other hand in open fields, whether used for 
pasture or agriculture, in which the obstruction to the 
land is merely that caused directly by footings and 
anchors, the post type tower may even have an ad¬ 
vantage since the footings and anchors are so widely 
separated from one another that it is possible to work 
around them and very little ground area is actually 
obstructed. With the ordinary four footed tower, the 
whole area between the four footings is usually lost. 

The post type tower is especially notable for its 
sturdiness. On account of the flexible connections at 
the top and bottom of the posts, movements of the 


foundations or stretching of guys or yielding of anchors 
cause no bending moments in any part of the structure. 
Furthermore, the stresses are all definite and calculable 
so that all members, including the guys, may be pro¬ 
portioned for their individual stresses with the assurance 
that no unknown and dangerous overload may be 
introduced by settlings of footings or irregularity of 
setting as with rigid towers. The single heavy crossarm 
further has a greater reliability than the usual single 
cable crossarms. 

The post type tower is notable also for its simplicity 



Pig. 2 —Side Elevation, 132-Kv. Double-Circuit Post 
Type Tower 

and adaptability, manifest both in layout work and in 
the field. On moderate sidehill slopes the normal 
towers are merely skewed up hill somewhat and all the 
same material used as on level ground. On steep slopes 
a taller post is used on the downhill side. A limited 
number of unit crossarms, posts, and guys may be 
combined in different ways to obtain constructions 
suitable for all special towers, such as angle, long span, 
dead end, etc. This shows the flexibility of the design. 

It will be noticed that the same tower, for example 
the tower shown in Figs. 1 to 3, can be used for two 

- 1 - 


$ 

Fig. 3—Plan 132-Kv. Double Circuit Post Type Tower 

circuits 110 kv. or 132 kv. at the original installation 
and afterward changed to one 220-kv. circuit. In 
the change over, the positions of the outside conductors 
would be abandoned and three conductors hung be¬ 
tween. the posts instead of the four for 132 kv. As a 
matter of fact the total spacing distance between posts 
will be very closely the same for three 220-kv. conduc¬ 
tors as for four 132-kv. conductors so that there would 
be very little increase in weight or complication in 
design in laying out the tower to serve alternatively for 
either voltage. 
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Considering installation operations, since the towers 
are finally trued up after erection by means of turn- 
buckles in the cross ties and guys, there is no reason why 
post footings or guy anchors should be accurately 
located nor is there any object in carefully leveling the 
footings. Variations of a foot or two either in hori¬ 
zontal position or in the vertical setting of footings 
are unimportant. 

Towers may be entirely assembled on the ground and 
ended up on the stub hinges at the bottom of the posts. 

Thus where sturdiness is of value in the tower 
structure, where highly trained and responsible erectors 



Fig. 4—Front Elevation, 220-Kv. Single-Circuit Post 
Type Tower 

are not available, or where there may be difficulty in 
soil conditions, the post type tower has an advantage 
and it was for such conditions that it was originally 
devised. 

The post type tower has a further advantage in its 
cost saving which is very material in amount. On 
account of the'wide base in. both directions and on 
account of the articulated construction, there is a 
considerable saving in the cost of steel. Furthermore, 
on account of the absence of resultant uplift on the 
footings and the flexible connections it is not necessary 
for the footings to be set more than three or four feet 
below the surface in ordinary soil. This results in a 
great saving in the cost of excavation and-backfill. 
These savings with the simpler erection and lighter 
weights to be transported result in a very large saving 
in the cost of towers erected. .There cannot, of course, 
be any saving in the cost of conductors per se. 

There is a modified form of the post type tower which 
is especially favorable from the point of view of cost and 
•simplicity, this being especially applicable to two circuit 
lines. By relying on two ground wires connected 
respectively near the post tops and secured firmly to the 
crossarm to take up longitudinal stresses, it is prac¬ 
ticable to omit the longitudinal guys on a majority of 
the towers, the ground wires serving the function of 
the guys for these towers. In this construction on 
account of the long spans the towers will not be held 
strictly rigidly in position, but being hihged at the 
bottom they are free to adjust themselves to the pull of 


the ground wires and conductor cables and no abnor¬ 
mal stresses are introduced. On towers where the guys 
are omitted a broken conductor will cause a slight dis¬ 
placement of the crossarm sufficient to tighten up on 
the ground wires in one span while slackening off in 
the other. No bending stresses are introduced in the 
posts and no mechanical instability. 

Analysis shows that a series of more than three suc¬ 
cessive unguyed towers is not desirable. The latter 
means, however, the omission of all longitudinal guys 
on three-quarters of all towers on normal tangent 
sections. 

The importance of this omission of guys, leaving the 
ground unobstructed except for post footings, four or 
five thousand feet in a stretch, is obvious. There is 
also a very material saving in cost. This is practically 
clear gain since the guyed towers serving as stabilizer 
towers need be no stronger than with all towers guyed. 

The construction of the tower and its use on side hill 
slopes is shown in Figs. 5 and 6. The normal tower is 
used on a moderate side hill slope with the crossarm 
parallel to the ground. A tower on a steeper side hill 
is provided with an additional extension in the down 
hill leg as shown in Fig. 5. Where the ground slopes 
with the line the tower is kept perpendicular to the 
ground and the guys make the normal angle with the 
post as shown in Fig. 6. This arrangement gives the 
simplest and most favorable design. Small angles 
can be taken on the regular tower with a somewhat 
wider crossarm and heavier cross ties. 

A tower suitable for taking a large angle in the line is 



Fig. 5—Front Elevation, Two-Circuit Post Type Tower 
on Onb-in-Five Transverse Ground Slope 

shown in Fig. 7. Two pull-offs, one connected to each 
post, are used. Both are secured to the same anchor, 
but through a whiffletree arrangement by which the 
total pull-off stress is divided between them in the 
desired ratio. 

Proper Horizontal Spacing of Conductors 
This is an important matter with post type towers 
since this horizontal spacing occurs three times cumu¬ 
latively and largely determines the length of crossarm. 

With the usual four legged two-circuit tower with a 
"basket” carrying the crossarms, each cable must be so 
far spaced from the basket that in the position of 
maximum swing it still has the proper clearance to 
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tower. This condition usually determines the hori¬ 
zontal spacing of conductors, since it gives a spacing 
out in the span considerably more than necessary to 
prevent contact. There are other types of line, how¬ 
ever, as for example wood pole lines and lines with six 
conductors horizontally spaced on one crossarm (such 
for example as the Davis Bridge Line of the New Eng¬ 
land Power Company) where horizontal spacing is 
determined by the danger of contact out in the span as 



F’io. 6—Side Elevation, Post Tyi*e Tower on Longitudinal 
Side-Hill Slope 

with the post type tower. Practise in these cases 
indicates that from 6 to 12 ft. between conductors is 
safe on from 60 kv. to 110 kv. 

Since a more flexible and consistent method of de- 
terming the proper spacing should, however, be avail¬ 
able, the author suggests the formula 2 proposed by him 
for calculating horizontal spacing, reading as follows: 
Horizontal Spacing = C X Sag in per cent 

Diameter of Cable in in. 

X Class “A” Loading in lb. 

Length of Insulator String in ft. 

Where 

C - A constant chosen arbitrarily for each line to 
take account of the sort of metal of conduc¬ 
tors, wind conditions, character of terrain, 
etc. 

D - Jumping distance of line voltage—one foot for 
each 11 kv. 

“Sag in per cent” is for class “A” loading. 

Constant suggested for copper cable — 4.0 
Constant suggested for A. C. S. R. — 3.5 

This formula takes account of the variation in jump¬ 
ing distance of various line voltages, the length of 
insulator string, and the very important matters of 
cable tension and span length. A 0000 copper wire 
with a normal span of 800 ft. requires according to this 
formula about 10 ft. horizontal spacing for 110 kv. and 
a 336,400-cm. A. C. S. R. cable with 1000 ft. span 
about 11 ft. for 132 kv. These horizontal spacings fit 
well into the post type tower design. 

2. Formula for Minimum Horizontal Spacing of Transmission 
Line Conductors as Affected by Danger of Contact in the Span, 
A. I. E. E. Trans., Yol. 47, October, 1928, p. 1323. 


Structural Design 

There are many interesting design details to be 
considered in the post type tower, none presenting any 
serious difficulty. As a fundamental principle there is 
a horizontal plane of resistance at the bottom of the 
crossarm which takes up longitudinal stresses. All 
longitudinally acting elements, viz., conductors, ground 
wire, guys, and insulators are attached in this plane. 
If this condition is not maintained there will be a 
resultant tendency for the crossarm to turn on a 
horizontal axis, which tendency can be resisted only by 
stiffness in the posts. The post can be of economical 
design only when its load is substantially axial as 
bending moment greatly increases the weight of 
members. 

Fortunately this connecting of all longitudinally 
acting elements in this plane is generally favorable. 
The ground wire is then supported on the tower at a 
point higher than the cables by the length of the insu¬ 
lator string, but it is at the same time separated by a 
larger distance horizontally. Since the protective 
effect of the ground wire is increased by a location close 
to the conductors this relationship is favorable. A 
greater separation between ground wire and cable out 
in the span can be obtained by drawing the ground wire 
somewhat tighter than the conductor as is often done 
with other types of towers. 

Attention should be called to the fact that the longi¬ 
tudinal guys of the post type tower are not to be com¬ 
pared to the usual twisted wire steep angle guys so 
much used in wood pole construction. They are 
tension members carrying definite calculated stress 
just as the bracing does in the usual tower. The guy 
anchors are designed and proportioned for their specific 



Fia. 7 —Front Elevation, Post Type Tower for Heavy 
Angle in Line, Showing Two Pull-offs and Whiffle tree 


loads just as are the footings of the four legged tower. 
These guy anchors are more reliable than such footings 
as already stated, since the stress is always in one 
direction and not alternating and since any yielding of 
the foundation is shown by slackening of the guy and 
can be easily remedied by tightening the tumbuclde 
without disturbing the tower. 

The size of the tension rods used in post type towers 
is so large as to be substantial and not easily injured, 
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and furthermore not greatly weakened by quite severe 
mistreatment. The use in the common type of tower 
of angles as bracing subject to compression is far less 
advantageous from the load carrying point of view than 
the tension rod. 

As solid rods are not flexible special provision must be 
made for their convenient use. This may be secured by 
using the rods in fixed lengths, each length having a 
button upset on each end with suitable loose socket 
connectors for holding them together. These con¬ 
nectors will give an angular freedom of ten to twenty 
degrees each, so that a complete guy or cross tie made 
up of several lengths will have a very considerable 
flexibility. Somewhat similar methods of connection 
are now in use in somewhat similar service and provide 
a very simple and economical method of developing 
the full strength of the rod. 

Two regular lengths of rod, 25 ft. and 12 % ft., may 
be used to advantage. The necessary number of such 
rods will be specified in the drafting room for each site 
and listed with the tower material. In the field the 
cross ties and guys will then be a few feet short. To 
cover this shortage there is carried by the erecting crew 
an assortment of lengths varying by 1 ft. steps up to 
634 ft., which with the long screw tumbuckles will 
complete the ties and guys without any cutting or 
fabrication in the field. 

Although there is no resultant uplift of material 
consequence on the post footings, the windward footing 
must take the full transverse horizontal shear on the 
tower, to this extent giving an advantage to the four 
legged tower where the shear is divided between two or 
more footings. If the cross ties be carried down to the 
earth bearing parts of the footings, the shear occurs at 
that low level. If connected at higher points near the 
ground surface there is in addition an overturning 
moment on the footing that must be resisted. It is 
important to notice, however, that a yielding of the 
stub to shear causes no stress in the tower unless the 
stub is actually pulled out of position, on account of the 
articulation of the tower. This is of great importance 
in considering the ruggedness of this design. 

Erection 

The process of erecting is simple. A tower is as¬ 
sembled complete with insulators on blocks on the 
ground with the posts hinged to the footings. A 
divided bridle is connected to the tops of the two posts 
and carried over a single shear stick in the center of the 
line. The tower may then be raised by a windlass or 
truck, the guys being used as back stays. If the 
construction in which the guys are omitted from a cer¬ 
tain portion of the towers is used, temporary guys may 
be provided until the ground cables are strung. When 
the structure is erected the cross ties and guys are 
tightened so that the structure is made taut and rigid; 
in fact, it is the most rigid type of tower available. 


Towers with Guys Omitted 
The behavior of a line in which the guys are omitted 
from a certain portion of the towers on normal tangent 
line, as for example three towers out of four, is interest¬ 
ing. The most critical case is the breaking of a cable 
near the end of the crossarm, for example the outside 
conductor. In this case a stress equal to the final 
stress in the cable is imposed horizontally on the end of 
the crossarm. The horizontal broken cable stress pulls 
the end of the erossarm to one side until the other cables 
develop opposing stresses equal in amount. The 
principal opposing stress comes from the adjacent 
ground wire which is secured directly to the tower. 
The limiting stresses occur on long spans with ice and 
wind loading. • As the crossarm moves to the side at the 
point of attachment of the ground cable, the stress in 
this cable increases in one adjacent span and decreases 
in the other, and the difference represents the pull 
opposing that of the broken cable. When the point of 
equilibrium has been reached it will be found that the 
end of the crossarm where the broken cable is located 
has moved some two or three ft. only. The point of 
attachment of the broken cable is out at the end of the 
crossarm while the nearest ground cable is attached 
several feet inside. As a result there will be a slight 
stress in the far ground cable in the opposite direction 
from that in the near ground cable. The erossarm at 
the far end then has a slight movement in the reverse 
direction. 

In the case of a broken ground wire, presumably a 
less likely contingency, the same action occurs except 
that the displacement of the crossarm is somewhat 
greater on account of the necessity of taking up the 
swing of the insulator string before the development of 
the necessary opposing pull in the several conductors. 
In this case the outside conductor cable takes the great¬ 
est stress as the crossarm will as before revolve in a 
horizontal plane about a point near the far ground wire. 

Even in the extreme position of the crossarm with a 
broken cable, the strength of the tower to carry stresses, 
transverse or vertical, is unimpaired and no w eakness is 
introduced. 

Tower Heights Available 

It will be evident, no doubt, that a certain advantage 
results in spotting towers in a transmission line, where 
there is a large number of tower heights available 
differing by small steps. If, for example, a span is so 
located that the low point lies just over a depression in 
the ground, the neighboring high spots on the two sides 
cannot be used as tower sites to advantage unless there 
are available towers of the right heights. 

It is difficult to determine the importance of this 
advantage, which apparently amounts, however, to 
several per cent in the total number of towers required, 
when as many as eight or ten heights are available over 
a range of 100 per cent in height. Such a large number 
of tower heights is very easily obtained with post type 
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towers by the use of varying length parallel sided center 

Se< Ti/r°* >os *' s as shown in Fig. 5. 

Modifications of the various details here described 
may be made to advantage to adopt the post type tower 
to various line conditions. The general scheme is 
obviously very flexible in application. There are 
numerous other details arising in the design and use of 
post type towers that are of interest or practical impor¬ 
tance but space will not permit their discussion here. 

I he only serious objections urged against the post 
type are the greater width of line structure, which is 
controlling in only a few cases, and the use of guys, 
which while exceedingly effective and economical, make 
a widespread base. The utility of the post type tower 
can be summed up very briefly as follows: 

1. Sturdy and simple design. 

2. No special skill or accurate leveling required in 
setting footings or tower erection. 

!5. .Best arrangement of conductors electrically and 
as a safeguard against uneven ice loads. 

4. Not sensitive to foundation movements. 

5. A very material saving in weight and cost of steel 
and in cost of footings, anchors, and erection. 

It may be added that obviously many modifications 
of the post type structures here shown may be made to 
meet different conditions or uses. 


Discussion 


I 1 ’. K. Andrews* There are several points on Mr. Thomas’ 
paper which I wanted to make some inquiries about. It is 
internal ing to consider that we have a suggestion for construction 
like this which is radically different from the conventional 
designs flint usually go along with tower construction; it is a 
healthy condition to lmve some suggestions like this because they 
arc conducive to thinking in new lines which are usually very 
profitable. 

Mr. Thomas spoke of the use of the ground wires for stabilizing 
intermediate towers in cases where the longitudinal guys on the 


intermediate to worn were omitted. I should like to ask if any 
additional allowance is made for strength of the ground wires 
when they are so used, over and above that usually made for the 
normal wind and ieo loading and whether or not any different 
factor of safety is used for the ground conductors like this. I 
should also like to ask whether or not any of these hinged struc¬ 
tures have been actually installed and if so, whether there has 


been any experience with them through different weather condi¬ 
tions in varying temperatures, etc. 

In thinking of the problem of expansion and contraction it has 
occurred to me that there might be some unsatisfactory results 
due to the fact that the guy rods would slack off in the summer 
time, and tighten up in the winter time. It would seem very 
impractical to adjust the turnbuckles seasonally and I am 
wondering if it was contemplated that this would be done. On 
page 1124, Mr. Thomas speaks of the analysis showing a series of 
more than three successive unguyed towers not being desirable. 
I should like to know the basis for determining the number* of 
throe rather than some other figure. Mr. Thomas can probably 
answer that question. 

W. H. Colburn * Consideration of the capital cost of deliver¬ 
ing power at the point of use shows that cost to be somewhat 
staggering. Figures which I have roughly in mind for a certain 
short line are in the neighborhood of $45 per mile per kv-a. 
delivered The modern trend is toward the maximum simpli¬ 


fication possible consistent with the maintaining of service. 
Hence, any construction which will lessen this cost of line 
construction without sacrifice of line safety should be welcome. 
Mr. Thomas proposed construction seems to offer such a pos¬ 
sibility and deserves serious study in contrast with more con¬ 
ventional types of construction. 

R. D. Coombst (communicated after adjournment) The 
“post type tower” is a guyed-mast-H frame and while it should 
be economical in cost, the question arises as to whether it is 
quite fair to compare it to a wide base tower design if the designer 
of the latter is held to the usual specifications. This same general 
idea is being used in Some recent railroad electrification struc¬ 
tures, around Philadelphia. It would be interesting to know 
just how far the designers of either kind of structure have per¬ 
mitted themselves to vary from the detail requirements of the 
usual wide base tower specifications. 

The writer is not at all concerned over the fact tha t a wide 
base tower foundation may have alternate compression and 
tension, and doubts that such a tower ever failed from this cause. 
Undoubtedly the fine record of wide base towers is as the author 
says because they have never received their maximum theoretical 
loading. On the other hand it is also a fact that many such 
towers have not fallen even after wildly excessive loads or 
outrageous incidents. The writer refers to such cases as the 
three following: 

(a) The conductors were doubled in size, perhaps 5 ft. pulled 
out of the sag, and the stubs were very badly set. 

(b) A tangent tower was used at a large angle corner. 

(c) The foundation under one corner descended 2 or 3 ft. 
from a cause unrelated to the tower. 

Of course in each case the tower was partly injured, but the 
point is it did not fall down. 

The proposed construction must of course depend for stability 
on the various guys. The longitudinal or ground wire guys 
must have a very much better clamp than any known type other 
than a heavy strain conductor clamp. The guys to ground 
depend on the guy anchorage and this seems a good occasion to 
inquire what relationship, if any, exists between the assumptions 
used to determine the strength of such anchorages and the as¬ 
sumptions demanded of a designer for wide base tower anchor¬ 
ages. The writer has claimed for many years that the foundation 
assumptions were all wrong or else the guy anchor figures were 
wrong. 

What values will be permitted for the 1/r of the posts as a 
whole, the length being from crossarm to ground? 

While the total weight of steel per structure may be less than 
for a wide base tower, its cost classification may be higher on 
account of the latticed masts, hinges, turnbuckles, and clevises. 

The writer is inclined to think that the author has given the 
flat spacing a little the best of it compared to most of the hori¬ 
zontal separations for long span construction. In other words 
would a horizontal separation of 10 or 12 ft. be considered 
acceptable by the designers of the existing long span 110-kv. 
lines? 

P. H. Thomas: Evidently Mr. Andrews has been thinking 
about this new type of tower. I am sorry we haven’t more time 
for there are many interesting problems which have been pretty 
carefully studied but not touched upon. In regard to the first 
question as to how much we have to sacrifice in the strength of 
ground wires, when we omit individual longitudinal guys between 
anchored towers. That is more or less a matter of design within 
the control of the engineer. I have made about three very care¬ 
ful detailed designs of these towers for actual profiles and on the 
basis on which those have been worked out, I have assumed that 
the structure would have to stand one broken conductor on a six 
wire circuit with the maximum sleet and ma ximum wind, or 
maximum ground wire tension. 

I made all owance of ten per cent in the stress on the conductor 
and the ground wire needs more strength which is secured by 
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using extra high strength strand. I should like to point out that 
the limiting stress was taken at the condition of maximum sleet 
and wind. I think if a census was taken it would be found that 
broken conductors occur nine-tenths of the time under other 
conditions and less than one-tenth of the time under these 
maximum loading conditions, so that in nearly every actual ease 
additional reserve strength will be available. The set-up is this, 
the bridge which is held only by cables in the intermediate 
bridge is a very flexible structure. It adjusts its position without 
stress to the mean position of the various cables. It should be 
noted that if the bridge is allowed to pass excessively in one 
direction from neutral, the footing being fixed in position, there 
is an effect from the overhanging weight which causes a hori¬ 
zontal thrust on the footing. 

The horizontal deflection of the crossarms when a break in a 
cable occurs produces a higher tension in cables on one side of the 
arm and a lower one on the other and it is the difference in these 
tensions which balances the stress due to the broken cable. 

Answering the last question of Mr. Andrews as to why I have 
suggested that three consecutive unguyed towers is as many as is 
likely to be suitable, I will point out that the tightening up of 
cables which comes from the physical movement of the crossarms 
due to a broken conductor is divided between the spans between 
the break and the next stabilizer towers, that is between the 
moving crossarm and the first fixed point, and the more spans 
there are the less tightening is there in any one of them. Again 
the more the crossarms overhang the neutral position the greater 
is the tendency to accumulate additional cable stress due to its 
weight. I presume two unguyed towers in succession are more 
conservative than three but three is the maximum limit. 

The question of the temperature is a very interesting one. 
After giving it a good deal of thought I believe it is not a matter 
which will cause practical difficulty. My suggestion is that when 
a stabilizer tower is set up the guys should be tightened until 
there is a very considerable stress in the guy. This does not 
weaken the power of the tower to resist the pull of a broken 
conductor unless this stress is more than one-half the elastic 
limit of the guy. In this case one guy is pulling against the other 
very tightly. When a broken conductor occurs it produces 
stress on the guy on the other side and tlie effect is to tighten up 
the far guy, that loosens the near guy and if the stress of the 
broken cable reaches the elastic limit of the guy on the far side 
the stress is substantially slacked off on the near guy and the full 
strength of the strained member in holding the broken conductor. 


As to a convenient method of using solid rods for guys, my 
suggestion is to use a 25-foot unit rod with a butt-on forged on 
each end and some kind of open-sided socket in which the ends of 
two rods can be slipped, thus making a coupling between them. 
That type of construction is now in use on some of the Pennsyl¬ 
vania Railroad electrification and it seems a very feasible thing. 
In setting up a tower there may be specified for use an appropri-. 
ate number of these 25-foot lengths and 12J^-foot lengths for 
each guy, these guys being finally completed in the ground with a 
lot of assorted short lengths carried around by the erecting crew, 
the turnbuckle giving the final adjustment. 

With such a construction and a IT-bolt connection at the tower 
there is considerable flexibility and it will be found that the total 
elongation due to the flexibility of the connection and the stretch 
of the rod is considerably more than any effect due to the con¬ 
traction by cold. Presumably there will be no change of length 
in the ground. The only effect of temperature would be the 
differential effect of the expansion of the steel in the post and of 
the steel in the guys. If the guys are longer there will of course 
be proportionately more expansion. While it is thus true that 
there will be a variation in the lengths of members due to tem¬ 
perature, I believe it will turn out they will not be taken into 
account practically. 

In reply to Mr. Coombs, the paper is not intended to offer any 
criticism of the usual narrow base tower, merely to show that a 
material advantage can be obtained by the use of the new con¬ 
struction where the conditions do not require the other con¬ 
struction. 

It should be noted that the duty on the cable clamps, either 
conductor or ground wire clamps, as the result of a broken cable 
is not very severe, since the stress on the clamp is only the 
difference in stress between the tight side and the loose side and 
further since the stress due to a broken ground wire is divided 
between two conductor clamps. 

An examination of design detail shows that no special material 
is required for hinges or devices other than the usual plates and 
bolts. All the latticing of the posts can bo done with two or at 
most three lengths of latticing, throwing these members into 
quantity production. A real cost advantage comes from tho use 
of round rods for these have a lower base price than angles. 

The matter of horizontal spacing has been fully discussed in the 
previous paper referred to and the spacings recommended are 
believed to be entirely conservative for these services. 



The Calculation of Alternator Swing Curves 

The Step-by-Step Method 

BY F. R. LONGLEY* 

Associate. A. I. E. E. 

Synopsis. Fhc paper is intended to give a thorough explanation number of salient or non~salient 'pole machines are operating at 
oj stcp-by-slcp calculations of the synchronous rotor oscillations and various points on an impedance network. In Appendix I a special 
other transients, which occur in electrical power systems when faults and simplified example is set up and analyzed * In Appendices 
or other sudden changes take place. It is divided essentially into II and III the numerical calculations of the swing curve for the 
two parts. In Part I a descriptive illustration of the phenomena is special example in Appendix I are given , and a brief discussion is 
given in order that the reader may visualize the conditions. In offered on the accuracy of this step-by-step method of calculation. 

Port II general formulas are developed for calculations where any ***** 


Introduction 

HIS paper is based on the method suggested in the 
paper System Stability as a Design Problem, by 
R. H. Park and E. H. Bancker. 2 Its purpose is 
to develop further the methods of making step-by-step 
calculations of the angular swings and other transient 
phenomena of synchronous machines in a power system 
following disturbances. Additional material from the 
paper Progress in the Study oj System Stability, by I. H. 
Summers and J. B. McClure, 8 has been incorporated 
and the resulting methods have been worked out in 
great detail. The object of doing this is to make the 
theory and the practical procedure clear even to a 
novice, so that any engineer who finds it desirable will 
have at hand rules for making the calculations. 

The synchronous machine formulas are based on the 
vector diagrams developed by Messrs. Doherty and 
Nickle in their series of papers 5 on synchronous ma¬ 
chines and also as given by R. H. Park in his paper 2 on 
Two-Reaction Theory. 

The need for this paper is indicated by the following 
review of the subject: 

The two stability papers mentioned above are the 
only ones which, to the author’s knowledge, give details 
of the procedure of making step-by-step stability 
calculations. The first mentioned paper covers a 
great deal of ground and suggests much of the material 
here presented, including the general procedure, but the 
information is given without much detail so that it is 
practically impossible for an engineer who does not 
have some additional information to use it. The second 
paper considers a special case which is often encountered 
and simplifies the work considerably. It gives instruc¬ 
tions in precise detail for making calculations under the 
assumptions involved, and makes it possible for any 
interested engineer to make calculations, based on the 
assumption of constant rotor linkages, and equality of 
reactances in the direct and quadrature axes. 

♦Western Massachusetts Companies, Springfield, Mass. 

Formerly of the General Electric Co., Schenectady, N. T. 

2. For references see Bibliography. 

Presented at the North Eastern District Meeting of the A. I. E. 
Springfield, Maes., May 7-10,19SO. 


There are some cases, however, which do not fall into 
the class amenable to calculation by this method. 
In practise these are primarily the cases which involve 
variation of field excitation. It is to furnish detailed 
instructions for making these additional calculations 
that this paper is presented. 

A careful descriptive illustration of the phenomena 
involved will be given first. This is followed by the 
development of general swing curve formulas for any 
number of salient pole machines having varying excita¬ 
tions and connected to an impedance network (resis¬ 
tances included). A special case is then taken and it is 
shown how the general formulas adapt themselves to it. 
Finally the numerical calculations of the swing curves 
for the special case are given. It will be seen later that 
this example represents a condition commonly en¬ 
countered when problems of transient instability are 
found to exist in electrical power systems. 

Part I 

A Descriptive Illustration of the Phenomena 
Involved 

A physical understanding of the manner in which the 
electrical quantities and rotor position of a synchronous 
alternator vary during and after a transient disturbance 
should add to the interest of the subject and aid readers 
to follow the mathematical analysis. These illustra¬ 
tions are descriptive only and form no part of the 
development of the swing curve formulas. 

Two or more pieces of synchronous apparatus are 
stable as long as they remain in synchronism. When 
power is exchanged between a synchronous generator 
and motor an electrical angle 8, exists between their 
rotors. Any transient disturbance will cause the rotors 
of rotating synchronous apparatus to oscillate or swing 
with respect to each other. Whether or not they re¬ 
main in synchronism will depend upon the severity of 
the swings. The swings can be calculated by the step- 
by-step process, and are usually plotted to show the 
angle 8 between rotors as a function of time. 

This angle 8 will depend among other things upon the 
excitation system used, the impedances of the system, 
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the character of the disturbance, the initial load, and 
the governor characteristics. 

All quantities in this paper will be expressed in per 
units® unless otherwise stated. Per units are decimal 
percentages. They are percentages without the mul¬ 
tiplier of 100 and are used in place of percentages be¬ 
cause they make it unnecessary to watch for, and 
correct for, coefficients of 100 when calculations are 
being made. 

Let us consider two large salient pole alternators 
synchronized through a reactive tie over which a steady 
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TIME IN SECONDS 
Fig. 1—Two Types op Super Excitation 
Case I in solid lines. Case XI in broken lines 

power flows from one to the other, and let this tie be 
suddenly weakened by a single-phase fault. 

The effect of excitation will be demonstrated on a 
magnified scale by applying the type often referred to as 
super-excitation.” 10 

In order to illustrate the effect of the rate of excitation 
nse, two types of “super-excitation" are used, and the 
effect of each of these two types is shown separately. 
Upon application of the fault the excitation in one case 
rises instantly from 156 volts to a ceiling (maximum 
value) of 1000 volts, or in per units from 1.59 to 10.2: 
while in the other case it rises from 156 volts to 1350 

159to 13 77*° f 2810 V ° ltSP6r SeC " ° rinper fron a 

• T?Y is , e ™ volt ' sec °nds* is the same in each case and 
is that shown by the shaded areas in Fig. 1. The 
curves resulting from the instantaneous rise in exeita- 
taon are in solid lines, and will, be referred to as Case I 
wffilethoseresulting from the excitation rise at the rate 
ot 2810i volts per second are in dotted lines, and will be 
referred to as Case II. 

. M ^plained in Appendix I of Bibliography 1, a 
given nse in volt seconds will produce very closely a pro- 

m the field flux of large alternators during 

the farst half second, no matter how applied. 

The mor e quickly the volt-seconds are applied, the 
♦Appendix! of Bibliograuhv 1. 
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greater the stability. The stability, during a fault, is 
not a function of the rate of excitation rise alone, nor of 
the excitation ceiling, alone. It is a function of both 
these conditions, expressed together as volt-seconds. 

If, at the instant the fault is applied, the alternator 
field flux linkages could rise instantly to the proper 
value, there would be no swing of the rotors whatsoever. 
This required rise in flux, for the example used here is 
shown by the dashed curve in Fig. 2. 

An instantaneous rise in alternator flux is impossible 
but the nearer it is approached the greater will be the 
stability. Fig. 2 shows that the solid curve approaches 
this condition more nearly than the dotted line. Both 
finally arrive at the same flux when their volt-seconds 
become the same, at 0.3 sec. and 0.425 sec., respec¬ 
tively, as shown by Fig. 1, but the dotted line gives the 
rotor more time to swing before it is stiffened by the 
rise in flux. 

The electrical torque T„ is proportional to the field 
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TIME t IN SECONDS 

Pig. 2—Field Flux Linkages Produced by Excitation in 

Fig. 1 

Case I la soUd lines. Case II In broken lines. Curve In long dashes shows 
field flux linkages required for perfect stability 

flux, and is a function of the rotor angle 8. If this 
nux remains constant, the relation between T, and 
8 is shown in Fig. 3, by Curve A when there is no 
fault, and by Curve B during the fault. Both Curves A 
and B will change when the field flux linkages change. 

Before the fault occurs the electrical torque is T\ 
Fig. 3, and neglecting resistance and machine losses! 
it is also the torque applied to the generator shaft. 
1 fie prime mover torque may often be considered con¬ 
stant during the transient, as shown by the horizontal 

.. Tl ^ g : 3 ; This is especially true of waterwheel 
units with their large sluggish governors. 

Before the fault occurs, the torque-angle charac¬ 
teristic is Curve A, the torque is 2.38, and the generator 
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is operating at point a, a rotor angle of 35.7 deg. The 
moment the fault is applied, the torque angle charac¬ 
teristic drops to curve B and the electrical torque drops 
to point b. The difference between input and output 
torque (Ti — T e ) = T a is a b. The excess torque, a b, 
is applied to the generator rotor and moves it toward a 
new angle of 56 deg. at point c where T, becomes 
again equal to T u 

A magnified view of the curves within the dotted 
rectangle, Fig. 3, is shown in Fig. 4. 

If there is no change in field flux, the rotor will move 
along Curve B. In swinging from 6 to c, the rotor 



Fig. 3—Electrical Torque between Generator and 
Motor, shown as a Function of the- Electrical Angle 
between the Rotor Axes 

receives an acceleration which forces it to swing past 
c to the position d, an angle of 80 deg. This limited, 
of the rotor swing is determined by the areas a b e and 
cde, which must be equal. 2 An area in Figs. 3 or 4, 
is the product of T e and 5, and is therefore energy. 
The area abc is the energy input to the rotor, produced 
by the excess of input over output torque. If the ma¬ 
chine is to remain in step, this same energy must be 
given up by the rotor, and this is done when the rotor 
swings from c to d, giving to the system the energy repre¬ 
sented by the area cde. 

Neglecting losses and possible hunting of the gover¬ 
nor, the rotor will continue to oscillate between posi¬ 
tions b and d until some new transient, such as a removal 
of the fault, takes place. 

If the excitation for case I is applied when the fault 
occurs, the section b d of Curve B changes to b g. The 
energy input to the rotor is a b f, while the equal energy 
given up by the rotor is fgh. 

The maximum swing of the rotor is at g, an angle of 
53 deg. There appeai-s to be no need to increase the 
field current after the maximum angle has been reached. 
It is assumed that the regulating equipment planned for 
this type of excitation would hold this maximum field 
current constant until the fault has been removed or 
other conditions warrant its reduction, except that the 
average field current held after the point g has been 
reached would be about 5 per cent less than that which 
would actually exist at point g. 

Under these conditions,. the rotor will swing back 


along the smooth Curve g ij where area ij p is equal 
to area i g h. In the next forward swing, since the field 
current is slightly lower than that which existed at g, 
the rotor will move along the curve j i k, where area 
ik his equal to area i j p. The rotor will then continue 
to oscillate between positions j and k in the same manner 
as previously described trader constant flux conditions 
for the oscillation between b and d. 

For the excitation described in Case II, the rotor will 
swing along curve b lm where area !m» is equal to 
area abl. The maximum angle in this case is seen to 
be 66 deg., but since the excitation is permitted to 
continue rising as shown by the dotted curve. Fig. 1, 
the field current and, therefore, the field flux is per¬ 
mitted to continue rising after the maximum angle has 
been reached, and the motor starts its return swing 
along m o instead of along a curve similar to g i j. 

Figs. 3 and 4 give the angular swings as functions of 
the torque but not as functions of time. It is interesting 
to see how these quantities vary with time. 

In Fig. 5, the difference between input and output 
torques is plotted as a function of time. Its initial 
value is a b = 0.773, the same as a b in Figs. 3 and 4. 
An area in Fig. 5, is the product of torque and time and 



Fig. 4—Electrical Torque between Generator and 
Motor, shown as a Function of the Electrical Angle 

BETWEEN THE ROTOR AXES 

is, therefore, an impulse. But impulse is equal to 
momentum and: 

Mw = f T a d t (1) 

where 

t = time. 

w = departure from synchronous speed. 

M = inertia. 

T a = accelerating torque = a b. 

From (1) 

w = ^ f Tad t (2) 

The integral term f T a d t is the area shown shaded 
in Fig. 5. When the positive and negative areas be¬ 
come equal, the total area is zero and w is zero. At the 
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moment when w is zero, the rotor has come to rest and 
is ready for its return swing. The rotor comes to rest 
on its outward swing at its maximum angular position, 
which from Fig. 5, occurs at 0.295 sec. and 0.3625 sec. 
for Cases I and II respectively. 

Integrating the shaded areas in Fig. 5, gives the 
departure from synchronous speed as shown by ( 2 ). 
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Pig. 6—Difference between Shaft Torque and Elec¬ 
trical Torque on Generator or Motor, shown as a 
Function of Time 

Case I to solid lines. Case II in broken toes 

By this means, w is plotted as a function of time in 
Fig. 6. 

An area in Fig. 6 is the product of angular speed and 
time and is therefore angular displacement, or 

5 = f wdt ( 3 ) 

where 

S = angular displacement of the generator rotor from 
its initial position. 

„ maximum values of S occur when theshaded areas 

in Fig. 6 are positive maximums, and this is seen to 

o°o^r When W crosses the zer <> axis at 0.295 sec. and 
0.3625 sec. for Cases I and II, respectively. 

Performing the integration of ( 3 ) by taking the 
shaded areas m Fig. 6 , the angular swings of the rotor 
are obtained as a function of time, and adding to these 
angles the initial angle of 35.7 deg. gives the total rotor 
displacement as a function of time. 

• ■ 0 ® a 5 gul f r sw i n S curves thus obtained are plotted 
• I’ rT , ® 1S 86611 a ^ ain that the maximum 
S of f deg- and 66 deg. occur at 0.295 sec. and 
0.3625sec. for Cases I and II, respectively. It is readily 
seen that the rotor displacement is greater in Case II 


than in Case I, and that the excitation for Case I provides 
the greater stability during the first swing. 

The “super-excitation” used in this illustration pro¬ 
duces a large and rapid increase in. the alternator field 
flux, and stiffens the machine so that both the mag¬ 
nitude of the rotor swings and the oscillation period are 
smaller than that which results when less drastic forms 
of excitation are used. 

From the standpoint of system operation and sta¬ 
bility after the fault has been removed, the actual use of 
super-excitation on generators is a mooted question. 
These calculations include only the first swing and, 
therefore, do not include any hunting effect. There has 
been some experimental indication that super-excitation 
tends to accentuate the hunting, especially on machines 
not equipped with amortisseur windings, and the cal¬ 
culated improvement in stability may not be fully 
capable of realization in practise. Moreover, the sever¬ 
ity of the fault and the duty on the circuit breakers may 
be greatly increased, and when the fault is removed, an 
overvoltage condition may be obtained, that is too 
great for the connected apparatus. 
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of Time 

Case I to solid lines. Case II to broken lines 


On the other hand, these considerations may not be 
tound sufficiently important to outweigh the advan¬ 
tages of the scheme, especially when the machine having 
super-excitation” is also provided with low resistance 
amortisseur windings. 

Part n 

Development op General Swing Curve Formulas 
The Impedance Network of the System. A balanced 
three-phase shunt impedance may be switched across 
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a three-phase circuit at any point where a fault is con¬ 
sidered to occur, producing a flow of balanced three- 
phase power which is exactly equal in magnitude to the 
flow of power, balanced or unbalanced, resulting from 
a balanced or unbalanced fault. By the method of 
“Symmetrical Components” 8 ’ 4 any set of three-phase 
currents, or voltages, balanced or unbalanced, can 
be divided into three sets of three-phase symmetrical 
components. One set is balanced and revolves in a 
positive direction (the positive phase sequence com¬ 
ponents). The second is balanced and revolves in a 
positive direction with the sequence of the phases re¬ 
versed (the negative phase sequence components). 
In the third set all three vectors are equal in magnitude 
and lie in the same phase position (the zero phase 
sequence components). They revolve in a positive 
direction. 

Under balanced conditions the negative and zero 
phase sequence components are zero. 

Each of the three sets of components meets its own 
particular impedances in the network joining the 
machines resulting in three distinct types of networks. 

The total electrical power is the sum of that pro¬ 
duced by the positive phase sequence current flowing 



Fig. 7—Electrical Angle between Rotor Axes op 
Genebatoh and Motor, shown as a Function op Time 
Case I In solid lines. Case II In broken lines 

in the positive phase sequence network, the negative 
phase sequence current flowing in the negative phase 
sequence network, and the zero phase sequence current 
flowing in the zero phase sequence network. 

The balanced network which gives a flow of power 
equal in magnitude to that resulting from a fault, 
balanced or unbalanced, is obtained by placing a bal¬ 
anced three-phase impedance Z at the point of fault. 
Where 

Z = Z n + Z e (4) 

if the fault is from one conductor to ground. 

Z - Z„ (5) 


if the fault is between two conductors. 


Z n Z, 

Z ” z„ + z, 

if the fault is from two conductors to ground. 
Z = 0 

if the fault is between all three conductors. 


( 6 ) 

(7) 


Z„ = Total negative phase sequence impedance of 
the system, viewed from the point of fault. 

Z, => Total zero phase sequence impedance of the 
system viewed from the point of fault. 

The Relations between the Electrical Quantities of All 



Fig. 8—Vector Diagram op Stator Voltages and Current 
op a Synchronous Alternator 


Machines on the Network. The excitation voltage e t 
of an alternator is the voltage “behind” the synchronous 
impedance of the machine projected on the quadrature 
axis. It is the voltage which would be generated at no 
load and no saturation when the load field current flows 
in the rotor winding. It is proportional to the field 
current I and in percentages it is equal to the field 
current I. Likewise e Q is the voltage “behind” the 
quadrature impedance projected on the quadrature 
axis, and e* is the voltage “behind” the transient im¬ 
pedance projected on the quadrature axis. 

The direct component Vd of the field flux linkages is 
proportional to e*. 

The slip ring voltage is E. 

The stator terminal voltage is e. 

The stator current is i. Its projection on the quadra¬ 
ture axis is the quadrature component i, and its pro¬ 
jection on the direct axis is the direct component id. 

Unit terminal voltage may be any value decided on 
but is usually taken as the rated voltage of the machine. 

Unit field current is the field current which will 
produce unit stator voltage at unit speed (taken here 
as rated speed of the machine) at no saturation and at 
no load. 

Unit field flux linkage is the field flux linkage which 
will produce unit stator voltage at rated speed and at 
no load. 

Unit slip ring voltage is the slip ring voltage required 
to give unit field current under steady state conditions. 

Unit power is the base power selected. 

Fig. 8 is a vector diagram showing voltages and cur¬ 
rents for any one machine. Its quadrature axis is 






1134 


LONGLEY: CALCULATION OF ALTERNATOR SWING CURVES Transactions A. I. E. E. 


designated by q and its direct axis is designated by d. 
The diagram is a true time diagram of stator voltages 
and currents, and is sufficient to calculate the flow of 
power into or out of any of the machines on the network. 

The machines are assumed to have zero time con¬ 
stants in their quadrature axes. 

It will be seen that this diagram is the same as that 
derived by Park in his paper on Two-Reaction Theory 
exeept that resistance in the machine has been neg¬ 
lected, and voltage due to the rate of change of linkages 

k as been neglected. Practically these quantities are 
negligible in most cases. A notable example is that of 
negative damping, a phenomenon involving cumula¬ 
tive rotor oscillations. This has been described by 
Nickle and Pierce in the paper, Effect of Armature 
Resistance. 12 Thus the step-by-step procedure given 
here cannot throw any light on this phenomenon, its 
causes having been neglected. 

The diagram is a time diagram showing voltages. 
Practically in figuring torque it is easier to do so in terms 
of linkages, because torque can be expressed in terms of 
linkages without involvingspeed. However, the change 
m speed during a machine swing is small as long as the 
machine remains in step. Even if it were not small the 
correct torque could be obtained by using linkages in¬ 
stead of voltages. For purposes of making the formulas 
consistent with the usual conception of flow of current 
due to voltages, they are expressed in terms of voltage 
with the understanding that the magnitude of the 
voltages used is taken proportional to linkages in order 
to minimize the errors. When this is done there would 
be no error due to change in speed if there were no re¬ 
sistance involved. Practically the error due to the 
presence of resistance is very small. An illustration of 
this is the familiar phenomenon of the steady short cir- 
cmt cinrent of an alternator remaining constant as the 
speed drops to a low value, though the generated volt¬ 
age is proportional to speed. The linkages are constant, 

S ° r\f Urrent ls constant > because the resistance is 
negligible. 

any * number of synchronous machines 
connected to an impedance network and let the ma- 
chmes be designated by the numbers 1, 2, 3 4 s 
Currents flowing from a machine will be taken as 
positive while currents flowing into a machine will be 
taken as negative. 

The Subscripts have the following significances: 

When one subscript only occurs it designates the 
to which the quantity having th eZZ^ 

For stator currents i the first subscript designates the 
machine from which the current is flowing while the 
second subscript designates the machine into which the 
current is flowing. For impedances 2 two duplicate 
subnets designate the driving point impedance ofthe 
machine designated by the subscripts, wUe two imlike 
subscript! designate the tmnsfer topedancTbeSeen 

the machines designated by subscripts 


The driving point impedance is the total impedance 
of the system from the point taken. The transfer im¬ 
pedance is the impedance between any two machines. 
Thus Zu is the driving point impedance of machine 
No. 1, while Z 2 i is the transfer impedance between 
machines 1 and 2. 

A rotor angle S having only one subscript is the angle 
between the rotor axis of the machine designated by the 
subscript, and the reference vector. A rotor angle S 
having two subscripts is the angle between the rotor axes 
of the two machines designated by the two subscripts 
and is mathematically equal to the angle between the 
rotor of the machine designated by the first subscript 
and the reference vector, minus the angle between the 
rotor of the machine designated by the second subscript 
and the reference vector. 

The angle 6 is an impedance angle and the subscripts 
of 6 are the same as those of the impedance Z to which 
6 applies. 

The movement of the rotor of each machine will be 
measured from some arbitrary reference vector. 

Formulas will be written for the nth machine 

From Fig.-8 the following relations may be obtained. 

® Qn = e,„ - (x d „ - X an ) (i» . d„) q n (8) 

where d B and q n are unit vectors along the direct and 
quadrature axes respectively of machine n. 

e*n = e In - (Xd n - Xdn') (i„ . d„) q n (9) 

Combining (8) and (9) 

e*n = e Qn — (x tn — Xdn') (i„ . d„) q„ (10) 

The stator currents 8 are 

>«. . . +in„ . . . -i„„ (11) 

where 


*mn — 


Z mn 


( 12 ) 

alsowit? 6XiStS ° nly al ° ng the <* uadrature axis we may 

e Qn - (e Q „ . q B ) q„ ( 13 ) 

Substituting (11) and (12) in (10) 


e*„ — eQ„ — £ (x an — x dn ') ^ 


feQn 

Z nn 

Z.» 


Zi n 


Let 




e mn = 


r mn 

Otmn 

S m 

S mn 

Then. 


u mn 


impedance angle of Z„ 

90 ° - e m „ 

angle of eq m with the reference axis 

8 m — 8„ 


( 14 ) 

( 15 ) 

( 16 ) 

( 17 ) 

( 18 ) 
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Cos (5m* + 90° — 6 mn ) 


&Qn, 


Cos (5 mn + 0 £ TOn ) 


(19) 


Therefore we may write: 

&1 fn I"_1_ 

&qn %dn *- # on %dn 


Cos a n 


] « 


=n —1 


+ 2 


Cq„ 


Cos (8 mn + Oimn) 


+ 2 


0Qni 


Cos (S nm - Ct-nvi) (20) 

^ nm 

f» =« +1 

This is the equation for the nth machine out of s, 
with m representing all the other machines. There is a 
total of s equations like this, one for each machine. 

Now the torque may be taken 

Ten = ©Qn • in (21) 

Substituting 

m =n —1 

0Q tn Cq » 


Ten = Sin a„n - 2 


m =1 


+ 2 


^Qn 6 q»i 


Sin (5 mn + &mn) 


Sin (5nm - 0>nm) (22) 


in —n +1 

In order to simplify writing the equations let 




%qn %dn 

Cos (5 m 


%(jn &dn 

COS Oinn 
Znn 

i OL in n) 


7 = W n 


Zmn 

Cos (5 mn + ow) 


= M« 

~ A»n 


Then Equations (27) may be written 

I7i = Mi e Qi + A 12 e Q2 + • • • Ai» Cq, 
W* = 2? 12 cqi + M2 e Q2 H - • • • •^■2« cqs 

Wj = J3u CQl + 6 q 2 + . . . M« . ©Q» 

and solved 


(23) 

(24) 

(25) 

(26) 

(27) 


0Qn — 


Mi 


. Wi . 

. . A u 

B 12 


. w t . 

. . A 2a 

B u 


w.. 

. • M« 

Mi 

Al2 

An . . 

. . An 

B 12 

M2 

A 23 * * 

. . A2a 

Bu 

Bu 

Bza * . 

. . Ms 


(28) 


where the 17 column replaces the nth column in the 
numerator. 

The Open Circuit Time Constant of a Synchronous 
Alternator. This time constant T 0 may be calculated 
from the design constants of the machine, or it may be 
obtained experimentally by a number of methods. 
The following is suggested. 

With the machine running at normal speed, and with 
its stator open circuited, build up the stator voltage to 
about half the rated voltage of the alternator. Let 
this voltage be Ci. 

When Ci becomes constant, suddenly short circuit the 
slip rings (a resistance should be placed between the 
slip rings and exciter armature to prevent short cir¬ 
cuiting the exciter) and take an oscillograph record 
of the change in the stator voltage. This voltage 
will be: 

_ JL 

c = d 6 T “ + e 0 (29) 

where e„ is the residual stator voltage. 

When t = T 0 


e = —— + c 0 = 0.368 Ci + e 0 (30) 

The time in seconds required for c to drop from Ci to 
the value given by (30) is T 0 . 

The Per Unit Inertia Constant. The swing of the 
rotors is a function of their W R 2 s. In the per unit 
system the W R 2 must be converted to an inertia 4 
constant M. 

Apply unit torque T„ to the rotor when it is at rest, 
until the machine reaches unit speed. 

d W 

= (31) 


where 

W is per unit angular speed of the rotor, t is time, and 
M is a constant. 

Integrating 

Mr M ' , , 

t = -jr-j dW - -jr (32) 

but T u is unity and therefore 

* = M (33) 

Therefore M is the time in seconds required to bring 
the machine from rest to unit speed when unit torque 
is applied to the shaft. With this definition the value 
of M in terms of the W R 2 may be obtained. 

Let 

3 = rotor torque in ft-lb. 
co = rotor speed in radians per second 
t = time in seconds 
g = acceleration of gravity 

W R 2 d co 
i it 


( 34 ) 
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where 3„ is the torque required to give unit or base 
power at rated or unit speed, and to„ is the speed of the 
rotor in radians per second at rated speed. Under 
these conditions t = M and integrating (35) 

W R* «„ W R 2 (o>„) 2 

M —Zi - 7K~ W 

where P„ is unit or base power in ft-lb. per sec. It is 
convenient to change P„ to base K W and substituting 
the proper constants (36) becomes 


(WR*) ( 


2 7T n \ 2 
60 ) 


(32.2) (Base K W) (737.6) 


_Q - 462 (m)' 


Bas eKW K J 

where n is the rated speed of the machine in rev. per 
min. and W R 2 is the weight in pounds of the rotating 
part times the square of its radius of gyration. 

Where two or more machines are assumed to swing 
together and thus behave as a single unit, the inertia 
constant M of this fictitious unit is the sum of the inertia 
constants of the individual units which it represents. 

Calculation of the Change in Rotor Angle during Any 
One of the Step-by-Step 2 Intervals of Time. Let the 
electrical torque T en change suddenly at the instant n 
from TV to T en ". It is assumed that TV is constant 

from the instant n - 1/2 to n, a total time of and 

A 

that TV is constant from n to n + 1/2, a total time of 
A t 

2 • Thus TV produces an average change A S (n . j/ 4) 


At the instant (n + 1/2) the speed is: 

S(.n+l/2) = S(n-1 /2) + A S(n- 1 / 4 ) + A iS( n +l/4) (40) 

Substituting (38) and (39) in (40) 

0( n+J /2) - S (n -1 / 2 ) + ( Ti — ~ -- j (41) 

The rotor angle 8 at the instant n + 1 is: 

5(„+d = 8 n + A 5(„ + i) (42) 

Where A 5 ( „ +I ) is the increase in 8 at the instant (n + 1) 
The average speed between’ the instants n and 
(n + 1) is: 

0 A 5(„ + j) 

0(n+l/2) = — ( 43 ) 

which is the slope of the angle time curve between the 
instants n and (n + 1). 

Rearranging (43) 

A 5( n +i) = (A i) S (ii+i/ 2 ) (44) 

Substituting (41) in (44) 


A ^<n+l) — (A t ) <?(„_ 1 / 2 ) -|- 


From (44) 

A S n = (A t) S( n -i/fy 
Substituting (46) in (45) 


_L HP V 

en en 


A 5( n+ i) = A 5 n + 


7 1 1 J- 7 1 * 

-L en ~T 1 an 


in speed during a time —tj—, and T m " produces an aver¬ 


age change A <S(„ +1 / 4) in speed during a time ~w~. 

Ci 

Remembering that the increment of time during 
which T en ' or TV 7 is applied is g— we have 

A S in -lU) = ~~ (Ti - T e J) (38) 


A S in +iU) = (Ti - Ten") (39) 

where T t is the mechanical torque appfied to the shaft 
at the instant n. 


Since all terms in (47) are per unit quantities the 

term iML/ m 2V + TV\ 
erm M V 1 ~ 2 ) is a per unit angle. 

Unit angle is the electrical angle through which the 
rotor moves at normal or unit speed in unit time or one 
second. Hence: 

Unit angle = 360 / degrees (48) 

where / = normal frequency. 

If (47) is to be in degrees we have from (48), 

.V ri _2V±Jk') w . 


A§ (n+1) = A d n •+ 




Letting 


(49) becomes: 


360 / (a ty 


A 8(n +d = A8 n + k(T 1 -— n ' + TJ ' \ (51) 


It is convenient to let the accelerating torque 

( m Ten + Ten ' \ . 

^ Ti- - - J m (51) be « 
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( T, - ) - T.. (52) 

i 

and (51) becomes: 

A 5(it-|-n — A 5» -J- Jc Tan (53) 

When there is no discontinuous change in T,.„ we 
have T fll = TJ - T„„" and (52) becomes (T, - T,■„), 
whence (51) becomes: 

A 5(h+d — A 5 n + k (Ti T C n) (54) 

The swing starts as the result of a discontinuous 
change in Under these conditions A 5„ = A5„ 

= 0, TJ - Tu Ten " = Ten, and A «(.+,) = A 5,, whence 
(51) becomes 

A 5, = (T, - T„) (55) 

Any change in the governor position changes 2\ 
and 2\ may be altered accordingly if the governor 
characteristics are known. If electrical damping oc¬ 
curs, such .as would be produced by an amortisseur 
winding, it may be included as shown by R. H. Park and 
E. H. Eancker in Appendix XII of Bibliography 2. 
The derivations of (54) and (55), which are special 
forms of (51), are also given in Appendix XII of 
Bibliography 2. 

In calculating the swing curve (55) is used for the 
first step, (54) is used for subsequent steps until switch¬ 
ing or the removal of the fault, or both take place, 
when (51) is used for the first step following the change 
in Te H , after which (54) is used again in the subsequent 
steps until another discontinuous change takes place 
in Ten when (51) is again used as described above, and 
so on. 

Procedure for the Calculation of the Swing Curves. 
The procedure for making a step-by-step calculation 
may be summed up as follows: 

I. Determine e Q i Cq 2 . . . cq., and 5j 5a . . • 
from steady state conditions before the fault is applied 
in the same manner that steady state voltages are 
usually found, considering that e Q is the voltage exist¬ 
ing behind the quadrature reactance of the machine. 

II. Find e*„ before the fault is applied from Equa¬ 
tion (20). 

III. Apply fault and determine new driving point 
and transfer impedances. 

IV. Determine new value of eq n from (28), letting 
remain constant and using new values of impedances. 

Later when this step is repeated after an angle change 
the new angles are used instead of the new impedances. 

V. Find Ten from (22) using just obtained. 

VI. Determine e in from 



This formula is obtained by combining (8) and (9) 

VII. Calculate change in e* n from 


Ae*„ 


(E n - e ln ) A t 
Ton 


(57) 


where A t is the increment of time used for one step; 
E„ is the average slip ring volts, during the A t con¬ 
sidered; e,„ is the value of the synchronous stator voltage 
at the beginning of the A t considered; T on is the open 
circuit time constant of the machine; and A is the 
change which takes place in during the A t con¬ 
sidered. 

This formula 9 comes directly from the well known 
relation that the applied voltage is equal to the resis¬ 
tance drop plus the inductive drop, the quantities being 
all in per unit values. 

VIII. Calculate new value of e*„ from e* n found in 
II and A e*„ found in VII. 

= Cyn + A e,fn (58) 

new II. VII. 

IX. Calculate change in angle from (55). The 
other angular changes are to be calculated as explained 
in the discussion of (55), (54), and (51). 

X. Allow the angle to shift and repeat IV to X. 

Appendices I and II of the paper will be devoted,to 

illustrating the procedure by means of a special exam¬ 
ple. The general procedure is modified in this special 
case for convenience in illustrating fully each step. 
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Appendix I 

The Analysis of a Simplified Case 

The Arrangement of the System to be Studied. The 
system to be studied usually consists of a network 
of transmission lines with step-up and step-down 
transformers at various points where power is supplied 
to the system or delivered to load centers. While 
practically all contributing factors affecting the swings 
of alternator rotors can be included in the step-by-step 
method, certain reasonable assumptions will greatly 
simplify and reduce the amount of work required in 
the calculations. 

When the stability of a given generating plant is 
being considered, it is often possible to reduce the power 
system to a single generator feeding power through an 
impedance to a single equivalent motor. These genera¬ 
tors may be waterwheel units with quick response 
excitation. Their salient pole characteristics and the 
effect of changes in their excitation will be included in 
the calculations. The single equivalent motor repre¬ 
sents the system that is fed by the generating station 
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and may be condensed to one equivalent round rotor 
machine whose transient reactance is equal to that of 
the system as viewed from the point of fault and having: 
a constant voltage behind its reactance. When the 
machines in the generating plant are similar in charac¬ 
teristics they will all behave in a similar manner and 
the entire generating station may be treated as a singl e 
machine. 

It is assumed that a hydroelectric generating station 
feeds power to a system over two paralleled transmis¬ 
sion lines. At the terminals of the transmission lines 
are transformer banks with the neutrals of their high- 
voltage windings solidly grounded. A single conductor 
to ground fault is taken on one of the lines and n ea r the 
high-voltage bus of the generating station. The 
generators are essentially duplicates and are treated as 
a single equivalent machine. It is assumed that the 
resistances are small enough to neglect, and reactances 
only are considered. 

It is not probable that the gate opening of the water¬ 
wheels will be able to change much in one or two seconds 
and the driving torque applied to the shaft of the 
generators. is, therefore, assumed constant for this 
length of time. The load on the equivalent motor is 
likewise assumed constant. 

The reactances of the “set up” with the shunt x 
which represents the fault condition, are shown in 
Fig. 9. 

The value of a; is obtained from (4). 

The voltage (assumed constant) of the motor is e* 6 . 
There is no generated voltage in the negative or zero 
phase sequence networks and since there is no resistance, 
there is no power in these two networks. The only 
electrical power, then, is that produced by the positive 


Position of Fault 


The generator current i is divided into two com¬ 
ponents, the direct component i d in phase with the 
generator rotor direct axis and the quadrature com¬ 
ponent i q at right angles to the generator rotor direct 
axis. 

The angle between the rotors of the generator and 
motor is S. The power factor angle is a where V is 
measured. 



Fia. 10—Vector Diagram op Voltages and Current 
When a Salient Pole Generator Feeds a Non-Salient 
Pole Motor 


The Flow of Power Between the Generating Station 
and the System Which it Feeds. Since there are only 2 
machines s = 2 and from (28) 


W x A 12 1 
W 2 M 2 
Mi A 12 
B 12 ^2 


^1 M2 - W 2 A12 

Ml M 2 — A12 B 12 



Pig. 9 Simulation op Fault on 
Generator and Motor by Placing a 
Phase Shunt at the Position op the Fault 


Line between 
Balanced Three- 


From (23), (24), (25), and (26) we have before the 
fault is applied (Fig. 9 without the shunt x) 


W 1 


(Xg — Xd) 


Mi 


. r —-— _ i 1 

L (x„ — Xd') (Xj + Xb) J 


( 60 ) 


( 61 ) 


since 


a n - 90- d n = 0; cos a n = 1; and Zn'^Xq + x b . 


phase sequence current flowing in the positive phase 
sequence network in Fig. 9. 

The currents and voltages in Fig. 9 are perfectly 
balanced and the resulting balanced three-phase power 
flow is equal m magnitude to the actual unbalanced 
power exchange between the generator and motor. 

The Vector Diagram *’» Showing the Electrical Quanti¬ 
ties and Angles to be Studied. The vector diagram of 
the quantities to be considered is shown in Fig. 10 
where V is the voltage at any point between the genera- 
tor and the motor For convenience it is taken here 
at the pomt where the fault is to be applied. 


. cos S 

An = ~ ~ = B 


(X« + Xb) 


12 


W 2 


Ms 




(Xgb Xdb 0 


£ (x„& ~ 


(%qb Xdb 0 ( X q + Xb) 


] 


(62) 


(63) 


(64) 


In (63) and (64) the subscript 6 designates quantities 
wkch belong to the motor. Since the motor has non- 
sahent poles = x di and e n = e Q6 . Since the flux 
linkages behind the transient reactance of the motor 
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are constant x q u = x dh ' = x d b and eqt, = = a constant. 

Substituting (60) . . (64) in (59) 

r -l r—i— _ 1 i 

L(z„— x /)J Lte.h — Xdh) (x q + x b )J 


_ r e*b 1 r 

L (xnb - ajuk'U m 


Ctyb cos 5) 


(Xq tH Xb) (%d %q) COS 3 

6l (Xd + Xb ) (x d + Xb) 


Substituting (72) and (74) in (67), 

eie^b . (x d - x q ) cos 8 sin 8 

‘ ~ (x d + Xb) an . + (Xd + Xb) (X q + Xb) ( 


(Xd + Xb) 


sin 5 + 


e* t 2 (x d - x q ) 

2 (x d + x b ) (x a + x b ) 


sin 2 5 


*-(%qb Xdb) J ^(^(7 H“ Xb)A 

*> - r~l 1 1 r 1 ' < 65 > 

(.Xq Xd ) (Xq Xb)j L(35 fl 6 X d b) 

1 1 r cos 8 -I 2 

~ (x v + « 6 )J “ L(sc <r + aJb)J 

Multiplying numerator and denominator of (65) by 
(x t b — Xdb'), letting this term be zero since x ih = x d b, 
and simplifying. 

(Xq + Xb) (Xq-Xd') 

6q = e * (X/ .+ Xb) ~ e * b (Xd 1 + Xb) C0S 5 (66) 

Formula (66) was developed to demonstrate the 
application of the general formulas in Part II to any 
swing curve calculation. It is seen that (66) is exactly 
the same as (84). t 

It happens that the simplifications possible in the 
particular example that has been selected make it 
easier to develop the necessary formulas directly from 
the vector diagram, Fig. 10, and from this point on 
the formulas will therefore be developed from this 
diagram. Any one of them, however, can be obtained 
from the general method given in Part II. The addi¬ 
tional method also gives an additional point of view 
and aids in visualizing the various phenomena. 

The power flow in Fig. 10 is the product of V and the 
projection of i on V. Since there is no resistance, the 
power is the same at any place along the line and is 
equal to the product of the voltage at the point taken 
and the projection of the current on that voltage. 
Therefore, if the power P e be measured at e Q it will be: 

P e = e^iq (67) 

From Fig. 10 we have before the fault is applied 

6q = id (,X d Xq) (68) 

e l = 6yb cos 8 + i d (x d + Xb) (69) 

6q,b COS 8 

<*,+*.) (70) 

e<nb sin 5 = i t (x t + x b ) (71) 

e*6 sin 8 

■(*.+*.) (72) 

Substituting (70) in (68), 

e Q = <?i — ^ ( e > ~ cos 5) (73) 


In (76) the power flow is given in terms of the genera¬ 
tor synchronous voltage e,, the system voltage, the rotor 
angle, and some of the network reactances. 

We may conveniently write (76) as 

P e = e,H + N (77) 

where 

H = , e * b ■ , sin 5 (78) 

(;Xd + x b ) 

2 81,128 <7,) 

H and N may be plotted against 5 and their values 
used in (14) to obtain the power inasmuch as e, and 8 
are calculated in the step-by-step process (see Figs. 
15 and 16, curves II). A more detailed explanation 
is given later. 

The power may be also expressed in terms of the e* 
in place of the e,. 

From Fig. 10, 

e Q = e* + i d (Xq - x d ') (80) 

e* = eq,b cos 5 -j- i d (x d + x b ) (81) 

. — e^b cos 8 

ld (Xd' + Xb) (82) 

Substituting (82) in (80), 

(Xq Xd ) . j. foo\ 

0Q — (hr -H (&t COS 8) ( 83 ) 

(Xq + Xb) (Xq - g/) . 

6Q " e * (Xd' + x b ) e * b (x.d' + Xb) C0S 6 (8 ) 

Substituting (72) and (84) in (67), 

e* e^ib . „ e*b 2 (x q — x d ’) . „ 

P -~ (*/ + *,) 2 (*, + *.)(«/+ft) 


Curve A, Figs. 3 and 4, are plotted from (85), 
To determine 8 we have from Fig. 10, 
8=0+y 


= tan -1 ■ 


y = tan -1 


5 = tan -1 


t Xb cos « 

V — i x b sin a 

i Xq cos a 

V + i Xq sin a 

i Xb cos a 
V-iXbSma 


+ tan -1 


V + i Xq sin a 
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X S ? pplied in F *. g : 9 ’ tbe generator Comparing (101) with (100) and noting the values 
found by superposition. of x, and e*„ in (97) and (99) it is seen that if the shunt 

the vertoi ’ ?! CU lS ? at produced x ™ Fig. 9, be disconnected from ground and paralleled 

the vector difference between e« and e*„ applied to with the system transient reactance x, and the system 

With t-ho c h„r,t excitation e*,, be reduced by the ratio x, x,„ the resulting 

setup shown in Fig. .11 will give exactly the same 
1 = *QQ ~ ‘no (90) generator current as that in Fig. 9, and since reactances 

where i Q Q is the generator current produced by e Q on] y are used, the angle between e. and e+, Fig. 11, is 

only and i*,,q is the generator current produced by tbe same as the angle between ei and e. H . Fig. 9. 7 
only. Tt lcs In lnt 


Let the current flowing from the generator be positive. 
Letting be zero: 


X QQ = 


e Q 


e« (x + x 6 ) 


X,; + 


X X(, 


X X,, + X,, Xft + X X(, 


X + Xb 

Letting e Q be zero 

• ©' 1 'b 

l *b*h = 


It is convenient to let 
X/ - x,/ + x f . 

X — x,, -|- Xf 
X„ = *„ + x ( . 

v J and (100) may be written 

<hi - <?*,• (cos 8 - j sin 8) 


Xb + 


X X, 


(92) 


X + x q 

^here is the motor current produced by e** only. 
. x 

l *bQ — 


X + X„ 


x 


Substitute (92) in (93), 

^ ~ Xb x + x,, x v + x x. 
Substituting (91) and (94) in (90), 

eg (x + Xb) — e.pb x 

x * (x + Xb) + X Xb 


(93) 


(94) 


* = 

sin 8 

1 ~ X„ “ 

From (106) we take 

** =» 


jX„ 

A 


( 102 ) 

(103) 

(104) 


(105) 


<-q — «♦„ cos 5 


X, 


ftp,, sin 5 

X™ 


) (106) 


(107) 



Position of Fault 
or X d 


X c 

sysien 

*- nr ' Mb x *•— 



1 = 


e Q ““ I — 1 

. _ ._ L X + J 

V . XX, ( 

x« -j- 


e we e 'l'b-£ 

x b 

(95) F,«. H—Himpmpication or Oihooit in Ft.;. «), l)V Kmmina- 

tion of tii« Shunt 


(96) 


id - 


<ki — e»„ cosj5 
~ X. 


(108) 


(X + Xb) 

Let the paralleled value of x and x„ be x,i and 

XXb 

x« = -;- 

x +Xb 

Substituting (97) in (96), 

eQ — e,j,b (x„/xb) 
x„ + x« 

Let 

e<i,b (x e /xb) — 

and (98) becomes: 

. _ e Q — e* e 


i - 


(97) 


(98) 


(109) 


and from (70) we have during the fault 
. ci — ftn- cos 5 
%d ~ ' AV 

.Fig. 10, is the vector diagram for Fig. 11, when x„ 
and e#„ replace x b and c.,,,. respectively, and from Fig" 
10: 

Cq = Ci - L, (x,t - X v ) 
or 

c Q - ei - i, t (Xa - X„) (HO) 

(99) Substitute (108) in (110) 

( X « ~ x «) , 

• (cq - e*„ cos 5) (111) 


Cq = e. 


X. 


x fl + x e 


( 100 ) 


#Q — Cl 


Xjl, , (Xu ~ X„) 


+ 


c^„ cos 8 


( 112 ) 


Now when there is no shunt it may be seen from Fig ^ X* ^ Xu 

10 that • 0 , 

Substitute (107) and (112) in (67). 

x « + x 6 ( 101 ) ** sin 5 + e * c2 f eos 5 (113) 


i = 
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Pc - 


Bi 

“XT 


sin 8 +• 


**.*<x*- 

2X d X t 


sin 2 5 


(114) 


Compare (114) with (76). 

In the same manner that (85) was obtained it can 
be shown that: 


P e = 


Bifr B^f e 

xy 


sin 8 — 


e*l (X, - X/) 

2 x q xy 


sin 2 5 


(115) 


Both (114) and (115). are balanced three-phase 
powers equal in magnitude to the actual unbalanced 
electrical power on the generator when the short circuit 
is applied. We thus obtain the power by means of a 
balanced three-phase calculation. 

But the power is a function of the synchronous 
voltage ei and it remains to see how ei is affected by 
the unbalanced fault. A transient stator current will 
change the rotor current by armature reaction. The 
negative phase sequence current has a frequency of 
120 cycles with respect to the rotor and induces a 120- 
cycle harmonic in the rotor current but has no effect 
upon its d-c. component. The zero phase sequence 
current produces no armature reaction, for the sum of 
its three vectors is zero inside the stator winding. 
The positive phase sequence current i revolves with the 
rotor, it produces a continuous armature reaction upon 
the rotor, and it alone produces a net change in the rotor 
current. 

In the per unit system (114) may be written: 

T e = Si H + N (116) 

where T,. is the per unit electrical torque and 


H = 


ftp* • s 

-r=- sm 0 
A<* 


(117) 


N = 


6<fr r 2 (Xd ~ Xq) 

2XaX„ 


sin 2 8 


(118) 


All quantities in (117) and (118) are in per units. 

Equations (117) and (118) may be plotted separately 
as functions of 8, and if at any instant 8 and ei are 
known, H and N. may be read from their curves and T e 
obtained conveniently from (116). See Curves I, 
Pigs. 15 and 16. 

In the same manner (115) may be written in the per 
unit system as: 



&Jjr Bifre 

xy 


sin 8 — 


6'pc 2 (Xq — xy) 
2 x q xy 


sin 2 8 


(119) 


Curve B, Figs. 3 and 4 were plotted from (119). 

If the per unit generator field flux linkages is assumed 
constant, T e and 8 are the only variables in (119) and 
T e may be plotted as a function of 8 only. For large 
generators with moderate excitation systems, it has 
been found that the field flux linkages do not change 
much during the first 1)4 seconds of a single line to 
ground or a line to line fault and under such conditions, 
the assumption that e* is constant introduces only a 
small error. 


The Relation Between the Generator Field Current and 
the Generator Field Flux Linkages. Let the per unit 
field current of the generator be I and the direct com¬ 
ponent of the per unit generator field flux linkages be 
’J'd. In the per unit system the generator synchronous 
voltage ei is equal to I and the per unit generator 
transient voltage e* is equal to Sk* 

The difference between the input and output torques 
(Ti — T e ) = T a , will accelerate the generator rotor. 

In the step-by-step method it is assumed that T a 
remains constant during small and equal increments of 
time A t. It has been found that if A t be not greater 
than about one-tenth of the time required for one com¬ 
plete oscillation of the alternator rotor the accuracy 
of the calculations is very good. This oscillation 
usually requires from one to two seconds and in nearly 
all cases we have used a value of A t — 0.05 second. 

At the end of each A t it is necessary to find a new T a 
for the next increment of time. T e is a function of the 
variables ei and 8, so ei and 8 must be known at the 
beginning of each A t. The rotor angle 8 is known from 
calculations made during the preceding At. I is a 
function of the slip ring volts and the angular movement 
of the rotor. It is assumed that the slip ring volts and 
rotor position are constant during each At, and I 
approaches, along its exponential curve, the steady state 
value that the existing slip ring voltage would produce, 
as determined by the time constant T. 

The applied excitation, such as that shown in Fig. 
12, is broken up into a number of constant values, each 
of which is applied during the. proper A t. ' This gives 
the change of I due to the slip ring volts E. To this 
must be added the effect of the change in rotor position 
during A t. The way in which these components add 
is shown in Figs. 13 and 14. The initial value of I at 
time zero is obtained by the vector diagram, and is 
shown in Figs. 13 and 14 as lot. It follows its exponen¬ 
tial curve to In, assuming no motion of the rotor until 
the end of the time A t when the rotor suddenly moves 
to its new position, causing I to change from In to 
In. Knowing'In and 8 at the end of A t, T a can be 
found and the movement of the rotor during the next 
A t can be calculated. 

Prior to the fault, the load conditions of voltage V, 
current i, and power factor angle a must be known at 
some point along the line. Let this position be at V 
in Fig. 10. Then x' d , x Q , and x d are the generator 
reactances plus the intervening reactances up to this 
point, and Xt, is the reactance from this point into the 
system. 

To obtain I before the fault occurs, the component 
of V along ei in Fig. 10 is, 

• : V d = VV 2 - (i q x q y # (120) 

and 

ei = V V 2 - (i t x t y + i d x d (121) 

Substitute (72) and (70) in (121), 
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+ ( ~r/+x t ) (ei ~ e * b cos ( l22 ) 


* (‘ + » ) >/ v *- [(ttLx ) e *-‘ sln5 ] 


Xd 

Xb 


6yb COS 8 


(123) 


To obtain in terms of known load conditions prior 
to the short circuit, we have from Fig. 10, 

®9 = Vd -\- id Xd' 

Substitute (120) in (124), 


(124) 

(125) 

(126) 
(127) 


0 * = V V 2 — (x t i q y + i d x/ 

From Fig. 10 

0 * = cos 5 + i d (x/ + Xb) 

. _ — e^b cos 8 

ld ~ (Xd + Xb) 

Substitute (72) and (127) in (125), 

e»-Vv.-[(_Hj_) e „ sinS ]’ 

+ ( Xi > + Xb ) («* - 0*6 COS 8) (128) 

% - 0 + [(rrsA.) e *‘H‘ 


X d ' / X d ' \ 

0 * = 0i + «t.l 1- -j£— \ cos 5 (136) 

The Short Circuit Time Constant of the Generator and 
Its Effect upon the Rotor Current. In the per unit 
system, slip ring volts E are equal to field current I 
under steady state conditions. 

If in any circuit the flow of current i, is controlled by 
a time constant T, the force which is changing i r emains 
constant and the initial current i a and the final current 
im are known, the current i at any instant is, 

i = + (*o- *«.) e T (137) 

For the small intervals of time A t we may use with 
very good accuracy, the first two terms of the exponen¬ 
tial series so that, 

At 

(138) 


= 1 - 


A t 
T 


and (137) becomes, 


A t 

% — t 0 — (t 0 — too) rp 


(139) 


As seen in Fig. 13, the value of I at the beginning of 


Xd' 

x b 


fcr 


0*6 cos 8 


(129) 


To obtain ei in terms of e* we have from Fig. 10 
0i = 0* + id (x a - x d ') (130) 

Substitute (127) in (130) 

( x d — x d ') 

* = ** + "(xj + Xd ’) ( e * ~ 0*6 cos 8) (131) 

(x d + Xb) (Xd — Xd') 

e " e ° W+*> -*•» fo- + a) «■* < 132 > 

and conversely 

(xj + Xb) (Xd- Xd') 

* ~ * (Xd + Xb) + e * b (Xd + Xb) 008 S < 133 ) 

During the fault Xi becomes x e and e#b becomes e^ e 
whence (132) and (133) become, 

X* ( X d -X d f ) 

ei = e* 1F7 “ e** --cos S (134) 


3,5 — 

3.0 — 






>5 — 



x 

•n 

L n 


>.0 — 

’ E 

y . 

28 ;/f 


V 

\ 


.5 — 

E12/ 

E01F 

r 



*- h 

.0 — 

pfc 





.s — 






o 

o -- 

oj 

L oi 

l 0.- 

J 0 A 

fl R he 


Fig. 12 Slip Ring Voltage op the Generator, Pro¬ 
duced by a Quick Response Excitation System, shown as a 
Function op Time 

the first A t is I 02 . During this A t, Fig. 12 shows that 
the excitation is E 0 u 

Therefore from (137) I n in per units is, 


Ill I Oj (102 — Eoi) 


At 

T 


(140) 


X d 
X 


X d 

X 


Since I and e, are equal in per unit magnitudes, the 
value of ei due to the effect of E during A t is, 


61 * X/ “*•(• Xd' “ 1 ) cos5 < 135 > 0i(»i) - e. c«-i )2 - (e t (n _i )2 - E ln . 1)n ) ~~ ( 141 ) 
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The time constant T is a function of the open circuit 
time constant T 0 and the reactances to which the 
machine is connected. T 0 is the time constant of the 
rotor circuit when the stator is open circuited. 

The relation 6 is, 


T = 


(x/ ± Xi ,) 

0 ( x d + x b ) 


(142) 


or during the fault 


T = 


(as/ ± as.) 
0 (x d + x e ) 



(143) 


The Effect of the Rotor Smngs Upon the Generator 


A § n in the angle at the instant n is obtained as follows: 
From Fig. 10, 

e* = ei — id (x d — x/) (144) 

and before the instantaneous change A 5„ takes place, 
C'Sr(n) ~ ®i(nl) idnl ( X d ” Xd') (145) 

. From (-70) 


idn 1 = 


^l(nl) e<kb COS $(n~l) 
(Xd + X b ) 


(146) 


Substituting (146) in (145) 

(*<* - Xd') , 

e*C») = \ («i(nl) — COS £>(„-!)) 


(147) 



Fig. 13 —Generator Field Current Produced by the 
Excitation in Fig. 12, shown as a Function op Time, and 

SHOWING THE Step-By-Step CALCULATIONS BY WHICH IT IS 
Obtained 

Field Currents. To determine the change in I due to 
the change A 5 in the rotor angle during the time A t 
it is assumed that the change in angle takes place 
instantly sit the end of A t, changing I from In to In 
in Figs. 13 and 14, or at the instant n, I changes from 
I Bl to I n i when the angle changes by A 5„. 

In Figs. 13 and 14, and Equations (140) and (141), 
the first subscript to I (or ei) is the instant at which 
I (or ei) is taken, the second subscript 1 is for I (or ei) 
before the rotor changes its angle, and the second 
subscript 2 is for I (or Ci) after the rotor changes its 
angle. 

In Fig. 12 and Equations (140) and (141) the first 
subscript to E is the instant at which E begins and the 
second subscript is the instant that E ends. Thus, in 
Fig. 12, E 0 i is the value of E from instant 0 to 
instant 1 and En is the value of E from instant 1 to 
instant 2. In (141) £7 ( »- d* is the value of E from 
instant (m — 1) to instant n. 

The subscript to A 5 gives the instant at which the 
change A S takes place in the angle. The subscript to 
S in the .following equations gives the instant at which 
the angle is 5. 

The change (e, ( « 2 ) - «,<*«) in ei due to the change 


e* is produced by the flux linkages of the rotor and 
cannot change instantly, so that immediately before 
and immediately after the change A 8 n occurs, e* has 
the same value. From (82): 


?'dn2 


&jr(n) &Stfb COS < 5 n 
{Xd + X h ) 


(148) 


Substituting (147) in (148) 

. _ _ (%<* ) 

tdni - (Xd + x b ) ~ (Xd + x b ) ( x d + x b ) 




- cos 5<n-») - ^ cos ( 14 9) 

From (145) 

#l(»l) ~ ^(n) “ 1 “ idn\ (Xd Xd ) (150) 



Fig. 14 —Generator Field Current when the Slip Ring 
Volts Remain Constant, shown as a Function op Time, 

AND SHOWING THE STEP-BY-STEP CALCULATIONS BY WHICH IT IS 

Obtained 


And sin ce e* does not change during the instantaneous 
change A 8 in the angle 5, 

~ "I" idni (Xd Xd') (151) 

Subtracting (150) from (151) 

e z (n2) — ®i(nl) ~ (fdni — idnl ) (Xd Xd') (152) 

Substituting (149) and (146) in (152) 


G(n2) ^l(nl) — (Xd Xd 



c l(n» 

(x d “1“ x b ) 
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_ (*£*/ 

(X,/ -f- Xfy) (Xrf —|— 3C b ') fecnl) COS 5 ( n . d) 


Rearranging (159) 


- - --- * _ / g l(wl) " €tyb oil 

+ Xf t ) n ^ c ® s u(n-D II Note that A is obtained from (155) when there is no 

fault, and from (156) when there is a fault. 

= ( XfJ _ x T { e Knii 2Z e * b CQS \ ' Modification of the Inertia Constants where Resistances 

^ \ (s£fi + Xb) ) Neglected and Only Two Machines are Considered . 

When resistances and machine losses are neglected, the 
- ( 1 + *——- — —?! \ / ^i(ni) — e*b cos 5( ra _ D \ *] me chanical torque T i applied to the shaft of the genera- 

\ %</ *+- ) y {x d -|- Xb) ) J ^ or before the disturbance is equal in magnitude but 

, opposite in sign to . the mechanical load torque on the 

«Lr shaf t of .the equivalent motor before the disturbance. 

(x/ + Xu) L l(n,) est ' h cos On—e 1(nl )+e* b cos 5 (w _d] The shaft torques are assumed constant on both the 

generator and motor during the disturbance. Like¬ 
ns e f lL T wise the electrical torque T c on the generator is equal in 

L (a?/ + x h ) J ^ cos “ cos 5 *) magnitude but opposite in sign to the electrical torque 

^ on the motor. 

C/JT 

Under these conditions the inertia constants M x of 
p „ i „ f Bzjj x d i th e generator and Mi of the motor can be combined in 

-'(» -+• '!"■ j_ X i , _|_ Xb J [cos 8 (n - t) - cos <$„] the same manner that resistances are paralleled, to 

given an equivalent inertia M for the generator which 
(153) with infinite inertia in the motor, will produce the same 

<-*,(„») = «,(„!> + — A n ) (154) total swing between rotors, as that which occurs when 

where the inertia constants are M x and M 2 for the generator 

A { &ri — x/ \ " ant ^ motor respectively. This makes it necessary to 

= «>w, ^ — — 1 cos 5 ( B _d calculate the swing of one rotor only. 

The torques on the generator are: 

^ / Xd — X d ’ \ _ <p S, 

A " ~ e * h v x,i’ + *6 ) eos 8n Tl - T ° - M ' u " 0 ( 161 ) 

or The torques on the motor are: 

/ Xd — x/ \ m d 2 Si 

A = ( . x7"+x b ) cosS ( 155 ) - T x + T c ~Mi-jj =0 (162) 

Curve II, Fig. 17, was plotted from (102). where <5i and S 2 are the increase in the angles of the 

During the fault (1S5) becomes: generator and motor respectively, in per units. 

Equating (161) and (162) 

a f d d \ . ^ 

A ae*. I -- I cos 5 d 2 d 2 S 2 

v Xd ’ = o«) ■ 

A-u.i—T- 1 ) cos J (156) Int ^ ratine (I63 , ) , , 

\ Xd ' MiSi = — Midi (164) 

Curve I, Fig. 17, was plotted from (156). angular increase 8 between rotors is: 


(»/ + Xb) 
(Xd + Xh) 


(Cl + A) 


COS 8/n- 1 


_ OC fi f 

-b X h 


\ / g i(nl) ~ e<jrb COS 5(n-l) \ -I 

Xh / \ (x d + x b ) ) J 


(Xd Xd ) 




where 


<?l(u2) — C,(»i) + (A (n _i) — A n ) 


^ / Xd — Xd \ 

■ c *‘ ( xj + n ) “ s 5 <-‘> 

, / Xd — Xd' \ 

A - "•** V ' + ft J 00 * 11 ’ 

ir 

. / x d — x/ \ 

A - ( ' W'+x. J 0085 0“) 

Curve II, Fig. 17, was plotted from (102). 

During the fault (1S5) becomes: 

/ Xd' \ _ 

A =» e* 6 I ~X~d' / cos ° 

A = e<,„ ^ ~ 1) cos 5 (156) 

Curve I, Fig. 17, was plotted from (156). 
Substituting (156) in (135) we have during the fault: 

-X* 


From (164) 


8 = d x - Si 


Ci = &\jt 


Rearranging (157) 


r -A 


(fix + A) 


8 2 = — 5i 


Substituting (155) in (132) we have when the fault is 
not applied: 

(X d ~f~ Xb) 

ei = e * ( Xd' + *») _ A (159) 


Substituting (166) in (165) 

5l = ( mT+m* ) 5 (167) 

Substituting (167) in (161) 

Mj d i 8 

Tl T, ~ M x +Mi dt* ~ Ta (168) 


(159) 
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or 


" m dr- 

(169) 

where 


MiMz 

M - , ,, 

M i -|- M •> 

(170) 


The Manner in which a Quick Response Voltage 
Regulator Responds when Rapid Changes in A-C. 
Voltage Take Place. The manner in which the slip 
ring volts change is a function of the regulator charac¬ 
teristics as well as of the exciter voltage speed. 

If the field flux linkages are to be held constant, the 
field current / will vary as a function of the rotor 
angle 8. 

This relation is obtained directly from (159) when 
there is no fault, and from (157) when there is a fault. 

In the calculation of the swing curve, ci = I is deter¬ 
mined at each step. If I is less than the value given 
by (159) or (157) as the case may be, the voltage regu¬ 
lator will raise the excitation. If I is greater than the 
value given by (159) or (157), the regulator will lower 
the excitation. 

The manner in which I must vary .with <5 to hold 
constant field flux linkages is shown in Fig. 18. 

Tabulation of the Step-by-Step Calculations of the 
Swing Curve. The calculations of the swing curve may 
be conveniently tabulated as shown in Table I. 


TAltf.E i 

TAHULATION OF THE HWINCi OUltVE CALCULATIONS 

Item 


n » number of time instant. 


O 

1 

2 

n (A /) » seconds.;. 


0 

1(A O 

2 (A /) 

«i(«t) 83 cr(«»ii8 - I (•( («-i)2 

A / 

- A(n l)nl » ft(n l)n + P(n-D 

A ( n ,i) from curvo when 6 « <5(« i). 

A n from curve wlion 5 » . 

- A n ** /'{«-!) ~ ?n . 

««(n2) *•«»+</». 

a 

*(»- O 
c n 
dn 

t: n 

* 

t 

t 

t 

t 

t 


II n from curve wlum - 8 n . 

fn 

* 

t 


«i(n2) //».« 0«) (fn) . 

On 

* 

t 


N n from curve when 5 . 

l\ n 

* 

t 


2’cn 153 On + hn .. • • • 

in 


t 


Tun 38 (7’l - T t:n ) ® T\ - i n ... 

Jn 

# 

t 


mo/ (A f) 2 

A* T an «• M Tan « kj n OXCOpfc 1st 

stop switching, etc. 

kn 

# 

t 


a «(n-H) " A 5 n ~f* /in « /* + . 


0 

* 

t 

«<»+!) « *» + A *( U «H) " m n + *(»+!)♦ • • 


a 


t 

iv n (?i+ 1 ) from excitation, curve. 

Oft(n-H) 

no l 

012 


£*(»2) — 38 e n **“ n«(n-H). 

On 

* . 

t 


A t At 

^l(ns) - 1)1 “ - "~yT. 

Pn 

♦ 

t 



It is a condensed tabulation of the information 
derived thus far, with the instants at which the various 
items apply shown by the subscripts n. The prelimi¬ 
nary calculations marked # are obtained from (89), 
(129), and (157). The initial angle 5 0 calculated from 
(89) cannot change the first instant of the disturbance. 


Before the disturbance e* is given by (129) but like <$ u , 
e* cannot change instantly and (129), therefore, gives 
e* at the first instant of the disturbance. The value of 
ei or I at the first instant of the disturbance is obtained 
from (157). 

The first step calculations are marked *, and the 
second step marked f. Subsequent steps are done in 
in the same manner as that marked |. It will be noted 
that S, and in column 1 are obtained from calcu¬ 
lations in column 0. The same conditions holds for 
all subsequent columns. 

Before starting the swing curve, auxiliary curves for 
A, H, and N should be plotted as functions of 8 from 
(156), (155), (117), (78), (118), and (79). These curves 
give items b, c, d, f, and h in Table I. Curve H is a 
fundamental sine wave and when multiplied by e l it 
gives the electrical torque that the generator would 
deliver if it were of non-salient pole construction. 
Curve N adds the reluctance torque, which is that due 
to the salient pole construction, and is a second har¬ 
monic with reference to the fundamental Curve H. 
From (118) it will be seen that the excitation for N 
comes from the system. 

Item n is simply filled in from the known step-by- 
step excitation curve, Fig. 12. 

Item a is (141); Item e is (154). Item g is the first 
term in (116). Item i is (116). Item j is part of a 
term in (51), (54), or (55). Item k is a term in (51), 
(54), or (55). Item l is (51), (54), or (55) depending 
upon conditions. Item to is (42). Item o is part of 
the second term in (141). Item p is the second term 
in (141). And finally the cycle starts over again with 
item a as (141). Note that when a new column is 
started, the column that was previously (n +1) 
becomes column n. 

Table I gives, either directly or indirectly, practi¬ 
cally all the transient positive phase sequence electrical 
quantities in the generator. Item e gives the field 
current. Item i gives the electrical power or torque. 
Item to gives the angle. The slope of item m against 
time gives the departure from synchronous speed. 

From item c and e the field flux linkages are given by 
(158) or (160). The direct component i,i of the stator 
current i is given by (70) or (109). The quadrature 
component i q of the stator current i is given by (72) ■ 
or (107). The stator current is: 

i = Vif + ia 2 (171) 

These values can be plotted not only against time 
but against each other, such as electrical power against 
angle. 

If the field flux linkages are assumed constant* and 
this can usually be done during the first swing with 
only a small error, only items i, j, k,J, and TO of Table I 
are required for the angle time ciirve. The electrical 
torque dr power is given in per unit values by (85) or 
(119) in which T c and 8 are the only variables. The 
second harmonic is added directly in the equations. 
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T, should be plotted against 5, giving item i. The 
other items are as previously described in Table I. 

After the “per unit” quantities have been obtained, 
they can be expressed in terms of kv., kw., and kv-a., 
etc., by multiplying by the number of such electrical 
units in the particular unit used as standard. This was 
done when (48) was used to convert per unit angles in 
(47) to degrees in (49). 

In other quantities such as kw., if unit kw. is chosen 
to equal 100,000 kw. and a calculated per unit figure 
of 0.5 is obtained, then the calculated kw. are 100,000 
X 0.5 = 50,000 kw. 

Appendix II 

Example op A Swing Curve Calculation 
Where a Fault is Applied and Removed by Switching 
Out the Faulty Line in 0.38 Second 

The positive phase sequence reactance diagram 
during the fault is shown in Figs. 9 and 11. Before the 
fault it is Fig. 9, without the shunt x. 

The base chosen is 100,000 kv-a. 

The units chosen are: 

unit kv-a. = 100,000 kv-a. 
unit kw. = 100,000 kw. 
unit kv. = 220 kv. 

A generating plant is feeding a system over a pair 
of duplicate paralleled 220-kv. transmission lines at 
each end of which are solidly grounded A Y transform¬ 
ers, with the high-tension windings connected in Y 
and the low-tension windings connected in A. 

A single conductor to ground short circuit on one of 
the lines will be taken near the high-tension generator 
bus, and the faulty line will be removed in 0.33 second. 

. Measured at the high-tension terminals of the 
generating station transformers the load is 238,000 
kw. at 0.93 power factor and at a potential of 231 kv. 

In per units 

238,000 

Tl ~ 100,000 “ 2,38 



The speed of the generators is 81.8 rev. per min. 
All the generators are practically duplicates and have 
duplicate excitation systems. The total W R* of the 
generators is 512,654,800 lb. ft. 2 Adding 12.5 per cent 
for the waterwheels and their content of water, the 
total W R i is 577,000,000 lb. ft. 2 

From (37) 


0.462 x 577 X 10 6 X (0.0818) 2 
— : 


= 17.85 


From the paragraph following (37), the inertia con¬ 
stant of the equivalent motor representing the system 
is: 

Mi = 272 


From (170) 


M = 


(17.85) (272) 
289.85 


= 16.75 


‘ The frequency is 60 cycles, and A t will be taken as 
0.05 sec. Therefore from (50) 



360 X 60 (0.05) 2 
16.75 


3.222 


From the system network 
Xb = 0.0954 before the fault occurs. 

Xb — 0.1464 after removing the faulty line. 

From the generator reactances the system network 
and (4) 

x - x t + z„ = 0.0859 
From (97) 


(0.0859) (0.0954) 
0.1813 


= 0.0452 


• The generator reactances are: 

transient reactance = 0.1035 
quadrature'reactance = 0.2070 
synchronous reactance = 0.3290 

The reactance between the generator and the fault 
is that of the transformer. It is 0.031. 

Hence: 

xY = 0.1035 + 0.0310 = 0.1345 
= 0.2070 + 0.0310 = 0.2380 
x d = 0.3290 -I- 0.0310 = 0.3600 

From (102), (103), and (104) 

XY *= 0.1345 + 0.0452 = 0.1797 
X„ = 0.2380 + 0.0452 = 0.2832 
X d = 0.3600 + 0.0452 = 0.4052 

Before the fault occurs 


x d ' + x b = 0.1345 + 0.0954 = 0.2299 
x q +x b = 0.2380 + 0.0954 = 0.3334 
x d + x b = 0.3600 + 0.0954 = 0.4554 

After removing the faulty line 

xY + Xb = 0.1345 + 0.1464 = 0.2809 
x q + Xb = 0.2380 + 0.1464 = 0.3844 
x d + x b = 0.3600 + 0.1461 = 0.5064 

Before the fault occurs the total a-c. current is 
Kw.* 2.38 

1 ~ Kv.cosa: = 1.05 x 0.93 = 2.435 


and using V as the reference vector 
i = 2.435 /cos~ l 0.93 
i = 2.435 /21.6° = 2.265 - j 0.896 
e*& = V - i x b = 1.05 - j 0.0954 (2.265 - j 0.896) 

= 1.05- j 0.216 - 0.0855 
e*& = 0,9 645 - j 0.216 = 0.988 /12.6° 

*The use of per units or percentages eliminates the factor V3 
in three-phase calculations. 
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The initial angle (before the fault occurs) is obtained 
from (89). It is, 

1 (2.435) (0.0954) (cos 21 , 6 °) 

6 0 - tan 105 _ ( 2 . 435 ) (0.0954) (sin 21 . 6 °) 

t (2.435) (0.2380) (cos 21. 6 °) 

+ tan 1,05 + (2.435) (0.2380) (sin 21. 6 °) 


= tan~> 0.224 + tan-' 0.426 = 12.6° + 23.1° 
8 0 = 35.7° 

From (99) 


Gy 


0.988 


(0.0452) 

(0.0954) 


0.468 


H = 


0.988 

0.5064 


sin 8 


H = 1 .95 sin 5 

The H curves are plotted in Fig. 15. 

The N curves are obtained from (118) and (79). 
During the fault 

_ 0.468* (0.4052 - 0.2832) . 

" ” 2 (0.4052) (0.2832) Sin 2 5 

N = 0.1164 sin 2 8 
After the fault 

0.988* (0.3600 - 0.2380) . 

N ~ 2 (0.5064) (0.3844) Sin 2 8 



Fig. 16 —The Quantity H Used in Calculating the Elec¬ 
trical Torque Between the Generator and Motor, Shown 
as a Function op the Electrical Angle Between the Rotor 
Axes 

Curve X applies during the fault- 

Curve II applies after the faulty line has been removed 


From (129) the initial transient voltage (before the 
fault occurs) is. 


/ 0.1345 \ 

V 1 + 0.0954 / 


N = 0.3056 sin 2 8 
The N curves are plotted in Fig. 16. 

From (156) we have during the fault: 

/ 0.4052 \ 

A = 0.468 ^ Q 179 ^ - 1 J cos 8 

A = 0.588 cos 8 
After the fault, from (155) 

, 0.3600- 0.1345 \ 

A "°- 988 (-"02809- l 0035 

A = 0.793 cos 8 



ROTOR ANGLE S IN DEGREES 




1 + 0.0954/0.2380. 

_ 1.345 
0.0954 


(0.988) (0.5835 )] 2 
(0.988)(0.8121) 


Fig. 16 —The Quantity N Used in Calculating the Elec¬ 
trical Torque Between the. Generator and Motor, Shown 
as a Function of the Electrical Angle Between the rotor 
Axes 


Curve I applies during the fault 

Curve II applies after the faulty line has been removed. 


= X. 195 

After the fault is applied, the H, N, and A curves 
must be plotted. 

The H curves are obtained from (117) and (78). 
During the fault 

_0A68_ 

H ~ 0.4052 S 
H = 1.154 sin 8 

After the faulty line has been switched out 


The A curves are plotted in Fig. 17. 

From (157) the synchronous voltage immediately 
after the fault occurs is, 

/ 0.4052 \ , 

®i(oe) — (1.159) ^ q 1797 J "■ 

A is obtained from Curve I of the A Curves when 
5 «= 8o = 35.7 deg. and, 

e, ( o 2 ) = 2.695 - 0.478 = 2.217 
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The open circuit time constant was found to be, 

T 0 = 4.8 seconds 

and from (143) we have during the fault, 

(0.1797) 

T ” ( - 4,8 ' ) (0.4052) = 2,13 sec * 

From (142) we have after the fault, 

(0.2809) 

T = (4 - 8) 7oT 5064) = 2,66 sec - 

The term —jT in (141) is, 

During the fault 

A 0.05 

ij i ^ — 2 13 — 0.0235 

and after the fault 

A t 0.05 

T = 2.66 = 0,0188 

The step-by-step calculations can now be made on 
the swing curve. Table I can be filled in as shown in 



Pig. 17 The Quantity A Used in Calculating the 
Change in Field Current Produced by the Rotor Oscil¬ 
lations, Shown as a Function op the Electrical Angle 
Between the Rotor Axes 

Curve I applies during the fault 

Curve II applies after the faulty line has been removed. 


Table II. The various values for item n are filled i 
from Fig. 12. Like all other values Fig. 12 is plotte 
m per units. From the generator saturation curve i 
was found that unit I is 363 amperes. The resistanc 
of the field winding is 0.27 ohm, and unit slip ring volt 
is 363 X,0.27 = 98 volts. To obtain Fig. 12, the ordi 
nates of the curve of excitation volts versus time wer 
divided by- 98. • 


A small time of 0.05 second was allowed for the 
regulator contacts to operate before the excitation 
began to rise. It will be seen that the steady state' 
excitations before the disturbance was 1.59, giving 
1.59 X 98 = 156 slip ring volts and 1.59 X 363 = 577 
field amperes per generator. 
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To make the transition in the calculations at 0.33 
sec. when the fault and faulty line are removed, the 
calculations are carried on with the fault up to 0.35 sec. 

Plotting 5 and e,(„ 2 ) against time it is seen that at 
0.33 sec. 8 - 70.75 deg. and e,< n2 ) = 2.49 (the true 
value of the synchronous voltage or the field current 
at an instant is e,( n2 ) and not e, ( „i)). Immediately 
before switching the value of A at 70.75 deg. is 0.195 
and from ( 158 ) the transient voltage at this instant is, 

0.1797 

e* - ^4Q52 (2.49 + 0.195) = 1.19 
After removing the fault, the number II Curves 1 must 



Fia. IS —Generator Field Current, oit Synchronous 
V oi/r a ui'i,R k ciuiu e l) to Maintain Constant Generator 
Field Fltjx Linkages, or Tuanbibnt Voltage, Shown as 
a Function op the Electrical Angle Between the 
Rotor Axes 

Curve I applies (luring the fault 

Curve TI applies after the faulty Une has been removed 


be used for A, H, and N. Neither 5 nor e* can change 
instantly and immediately after removing the fault the 
value of A at 70.75 deg. is 0.260, the value of e* is still 
1.19, and from ( 159 ), 


et = 1.19 


(0.5064) 

(0.2809) 


- 0.260 = 1.886 


From the curve of 8 versus time, the increment 
A 5„ of 8 from 0.28 sec. to 0.33 sec., (the regular A t 
internal of 0.05 sec.) is 70.75° - 64.30° = 6.45°. 

These new values of et, A 8, and 8 are tabulated in 
column 8 of Table II. 

Assuming that the voltage regulator is the quick 
response type, the regulator will endeavor to hold 
constant the initial transient voltage of 1.195. To 
maintain this value of transient voltage during the 
fault the field current I = the synchronous voltage et 
must be that given by ( 157 ) which becomes. 


e, 


1.195 


(.4052) 

(.1797) 


- A* 


et = 2.695 - A* 

At the moment the fault line is switched out, the field 
current required to hold the field flux linkages constant 
at the per unit value of 1.195 is from ( 159 ): 


e, 


1.195 


(0.5064) 

(0.2809) 


— A* 


e, = 2.155 - A* 

These values of e, are plotted in Fig. 18. 

By comparing the values of e, ( „ 2) in Table II, which 
are the per unit synchronous voltages, with the values 
of the per unit synchronous voltages plotted in Fig. 18, 
it will be seen that et is less than the amount required 
to hold constant transient voltages until the rotor has 
swung to an angle of 74.460 deg., which occurs at 0.38 
second. Up until this time the voltage regulator 
forces the excitation voltage to continue to rise, as 
shown by Fig. 12, in an effort to hold a constant tran¬ 
sient voltage, but at the rotor angle of 74.460 deg. the 
synchronous voltage exceeds the required value as 
shown by Curve II, Fig. 18, and the voltage regulator 
reduces the excitation in order to bring the synchronous 
voltage back down to Curve II. The decrement in 



Fig. 19—Electrical Torque or Power Between Genera¬ 
tor and Motor, and Electrical Angle Between Rotor 
Axes of Generator and Motor, each Shown as a Function 
op Time 

slip ring voltage, therefore, starts at 0.38 second, as 
shown by Fig. 12,. find continues until et is brought 
back to Curve II, Fig. v 18, at some later time not shown 
on the curve sheets, and at which time the excitation 
will rise again in the same manner as it did in the first 
0.38 second. This process ysrjll continue with the excita¬ 
tion rising and falling as the voltage regulator attempts 
to hold constant field flux linkages. 

By plotting T, against time it is seen that at 0.33 sec. 
T en ' = 2.795. From the calculations in column 8, 
Table II T,„" = 8.665. The average value of T m 

♦The values of A,as previously explained, are different during 
the fault and after the fault. 
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. TJ + 2V 2.795 + 3.665 
at 0.33 sec. xs-£----=3.230, 

see ( 51 ), and item j becomes 2.38 - 3.23 = - 0.85. 

The term becomes 0.0188 


The swing curves of angle between rotors, and of 
generator electrical power, as calculated in the above 
example and tabulated in Table II are plotted in Fig. 19. 

The angle is in degrees. The torque or power is 
plotted in per units. To convert to kilowatts multiply 
the ordinates of the curve by the number of kilowatts in 
one unit of power. This, as previously stated, is 
100,000 kw. Thus from Mg. 19, the initial power is 
2.38 X 100,000 = 238,000 kw. before the fault. When 
the fault is applied, the power drops instantly to 
1.601 -X 100,000 = 160,100 kw. and rises during the 
swing to 2.79 X 100,000 = 279,000 kw. at 0.33 second, 
when the short circuit and fault line is relayed out and 
it jumps instantly to 3.665 X 100,000 = 366,500 kw., 
after which the swing continues as shown. 


Appendix III 

Accuracy of the Step-by-Step Method of 
Calculating Alternator Swing Curves 
The accuracy of the step-by-step method of calcu¬ 
lating the transient phenomena produced in alternators 
by disturbances such as short circuits, and often re¬ 
ferred to as swing curves, is remarkably good. 

A high degree of accuracy can be obtained by 
mechanically integrating the differential equation of 
the alternator swing. When this is done and the answer 
compared with that obtained by the step-by-step 
method, the error will usually be found.to come within 
the limits of slide rule accuracy. 

While no method of calculations can give an exa ct 
check of test results unless the exact value of all circuit 
and machine constants are known, good agreements 
can usually, be obtained. This is true of the step-by- 
step method which was employed to calculate the 
curves shown in Mgs. 10,11, and 12 of Bibliography 1. 
The reader can judge for himself the degree of agreement 
between these calculated and test curves. 

In cases where the field flux linkages, the prime mover 
torque, and the mechanical motor load torque are 
considered constant, and the damping and resistance 
losses are neglected, the step-by-step method of calcu¬ 
lating the rotor swing gives, as it properly should, 
practically the same peak value for the second swing 
as for the first, showing practically no cumulative error 
between .peaks. As an example, in a particular case 
the rotor angle rose from an initial value of 35.7 deg. 
to a peak of 80 deg. on the first swing and 80.6 deg. on 
the second swing. The step-by-step method presented 
here is a refinement of an earlier step-by-step method 
which contained a cumulative error. The degree of 
refinement now attained may be judged by comparing 


the old and new method. Using the old method on 
the example described in this paragraph, the rotor 
angie rose from its initial value of 35.7 deg. to a peak 
of 85.9 deg. on the first swing and a peak of 119 deg. 
on the second swing. • 

In some special cases, such as a three-phase short 
circuit on the generator bus with a constant prime 
mover input torque and no losses in the fault or in the 
machine, there is no error in the step-by-step method of 
calculating the rotor displacement. The differential 
equation of the rotor position can be easily integrated 
for such a condition and it can be shown mathematically 
that the results thus obtained are a perfect duplicate 
of those obtained by the step-by-step process. 
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Discussion 

I. H. Summers: I should like to point out what Mr. Longley 
has not brought out very clearly perhaps, and that is tha t the 
essential contribution of his paper is that he has given a complete 
outline of a method of calculation, for not only the angular swing 
of the alternators under transient conditions but also all the other 
variables in the alternators, such as field current, flux, etc., where 
any number of alternators is connected to a system network. 

In my discussion yesterday of the paper on the network analyzer 
by Messrs. Hazen and Schurig and Gardner, I mentioned the 
advantages of using the network analyzer to help in the solution 
of problems in transient stability when a large number of machines 
is connected to the network. In fairness to the analytical 
method, I should like to try to describe some features of the method 
as described by Mr. Longley. . ' 

In the first place, any solution on the network analyzer depends 
on the analytical solution for the equations on which it is based and 
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for the procedure used. The equations are used in the solution on 
the network analyzer to make certain auxiliary calculations in 
carrying out the method. In the second place there is a large 
class of problems in which a synchronous machine swinging 
against a bus or two machines swinging against each other are all 
that are necessary to be investigated. Examples of this are 
problems relating to high-speed excitation effect of varying field 
currents, damping, etc. In these cases, it may be that the solu¬ 
tion by analytical methods is sufficiently simplified so that it 
becomes unnecessary to resort to the analyzer, and it may even be 
that time will be saved by going through the analytical solution 
rather than making the set-up and going through the checking 
processes necessary to the analyzer. What I am trying to bring 
out is that both methods have their place. The analytical 
method is of great importance because it furnishes a tool available 
to everyone who wishes to use it, whereas a miniature system such 
as the network analyzer may not be so readily available to those 
situated a distance away from places where this kind of apparatus 
exists. 

F. R. Longley: There is just one point I want to bring out in 
the use of the step-by-step method of calculation. If you will 
adhere to that method, no matter what you are calculating you 
will usually eliminate the step-by-step cumulative error. Take 
for instance an excitation voltage rise curve plotted as a function 
of time. It may be considered constant for small intervals of 
time and broken up into small step-by-step intervals accordingly, 
but the total area under the step-by-step curve must be equal to 
the area under the actual curve. If you do not keep these areas 
equal the amount of your cumulated error will be the difference 
in the areas that you have not taken into account. 

Here are a few curves which will demonstrate that there is a real 
difference in the effect of different types of excitation. These 
curves (Fig. 1) show the angle between the rotor axes of a syn¬ 
chronous generator and motor during a line to ground fault. The 
abscissa is in seconds, the ordinate in degrees. Each curve is for a 
different type of excitation. Otherwise the conditions are the 


same. Curve A is for constant slip ring volts. Curve B is for an 
excitation rise of about 300 volts per second. Curve C is for 
constant rotor flux linkages. Curve D is for super-excitation. 
Curve A rides through the first and second swing but appears to be 
headed for loss of synchronism during the third or fourth swing. 
Curve B has a smaller amplitude in the second swing than in the 
first, showing that the rise in excitation is slowly getting in its 



Fig. 1—Swing Curves Between Generating Station 
and System for Various Types of Excitation Following 
One Conductor to Ground Fault on Transmission Line. 
Transformer Neutrals Solidly Grounded 

Curve A —Constant slip ring volts 

Curve B —Excitation speed of about 300 volts per second 
Curve C—Constant rotor flux linkages. 

Curve D —Super-excitation 

work. Curve C has the same amplitudes in each swing, as it 
properly should, since the flux linkages are held constant. Curve 
D has much smaller amplitudes than A , B, or C, and a higher 
frequency of oscillation. It can therefore be seen from these 
curves that the effect of excitation may, in some oases, be an 
important factor in stability calculations. 


Radio Telephone Service to Ships at Sea 
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Synopsis—The paper discusses the American end of the skip-to- 
shore radio telephone system and the connecting equipment on board 
the Leviathan. The most suitable wavelengths for this service are in 
the short-wave range, but the use of these wavelengths complicates the 
problem, since different wavelengths are required according to the 
distance of the ship from shore, the time of day, season of year, etc. 
The problem on shipboard is further complicated by the fact that the 
■ transmitting and receiving systems are necessarily near together and 
special precautions are necessary to take care of interference from the 
radio telephone transmitter and the radio telegraphic services. In 
addition to interference from these sources, there is a background 
of interference in the ship’s electrical equipment, all of which 
necessitates a much more powerful land station than is necessary 
on shipboard. 

In the present system , the shore transmitter has a power rating of 
16 kw, and the ship transmitter of 500 watts. The shore transmit¬ 


ting station is located at Ocean Gate , N. J., and the receiving station 
at Forked River , AT. J, At both of these locations , directive antennas 
are employed which cover the ship's lanes. The stations are con¬ 
nected by wire to the Long Lines toll office in New York , and the 
over-all control of the circuit is carried out from this point. Both 
the skip and shore transmitters are crystal controlled. The ship's 
receiver is highly selective and is of the double-detection type. Com¬ 
munication between the ship and the shore is carried out by use of a 
pair of frequencies , one for transmission in each of the two directions , 
separated from each other by about three per cent. Ships of a 
number of nations are being equipped with wireless telephone 
apparatus and as the service expands , it will undoubtedly be neces¬ 
sary to formulate a plan in which international agreement is reached 
on the allocations of frequencies for ship-to-shore telephony and 
telegraphy , in order that undue interference within the services 
themselves or between the two services shall not ensue. 


I N view of the developments which have recently 
taken place in the field of ship-to-shore radio tele¬ 
phony, it would appear appropriate to review the 
state of the science and to discuss the problems which 
have arisen, the facilities which have been installed, 
and the general results obtained. 

The ship-to-shore radio telephone system, which is 
here described, was opened for public service between 
the Leviathan and the United States on December 8, 
1929. This was the first extension of the public tele- 
phone service to a ship at sea and enabled calls to be 
made between the vessel and any Bell System sub¬ 
scriber. The system as set up is intended primarily for 
giving telephone service to the larger passenger-carrying 
vessels as an extension to the wire network, and should 
be distinguished from the more simple uses which have 
been made of radio telephony in the marine field, such 
as that of enabling a coastal station operator to talk 
with coast guard vessels, fishing trawlers, etc. 

This paper is concerned with the developments which 
have been carried out in the United States, including 
the estabhshment of transmitting and receiving stations 
on the New Jersey coast, the equipping of the Leviathan 

and the estabhshment of service to that ship. 

It is significant of the wide-spread interest in t.hig 
type of service that developments have also gone for¬ 
ward rapidly on the European side where the British, 
Germans, and French are preparing coastal stations 
and equipping some of the larger ships for public 
telephone service. The British have already initiated 

S !T + ^ ° f the White Star L ^rs, the Olympic 
and the Majestic, and before the summer is over it is 
likely tha t half a dozen of the larger transatlantic 

1. Bell Telephone Laboratories, New Tork, N. Y. 

Ywk, NVyT 080 Telepllone and Telegraph Company, New 


vessels will be undertaking this service, connecting 
with both the American and the European networks. 

Early Developments 

Attempts to apply telephony in the maritime field 
date back to the pioneer work on radiotelephony itself, 
but it was not until the application of the vacu um 
tube were developed that radio telephony for any service 
became finally practicable. 

Following the long distance, point-to-point radio 
telephone experiments of 1915, there was carried out in 
tiie following year what is believed to have been the 
first tnal of two-way radio telephony from the wire 
telephone system to a vessel at sea. This trial was 
conducted by Bell System engineers in cooperation with 
the Navy Department. On that occasion the Secre¬ 
tary of the Navy, in his office in Washington, carried 

?? o tW n°\T ay conversations with the captain of the 
u. S. S. New Hampshire off Hampton Roads. 

Following the further development of radio telephony 
J-^the War, there was undertaken, in the years 
1920-1922, an extensive development of ship-to-shore 
radio telephony, looking toward the linking of ships at 
sea with the land line telephone network. 8 At that 
tune there was built a coastal radio telephone station at 
Deal Beach, N. J., and several Ships were equipped on a 
tnal basis. Extensive engineering tests were made and 
a number of demonstrations carried out which proved 
the phyrica! feasibility of establishing such connections. 
While the tnals were successful from the technical 
standpoint, the development was not carried into 
commercial use because the adverse economic conditions 
fisting in the post-War period did not appear to justify 
the initiation of the new service at that time. Further- 
more, the waves in the range of 300-500 meters, which 
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had been used in these early trials, were soon thereafter 
assigned for broadcasting. 

In the last few years the whole outlook has changed 
considerably. The development of short-wave radio 
systems has greatly increased the message carrying 
capacity of the radio spectrum and has made it feasible 
to maintain communication over a greater range of 
distances than was previously practicable for ships. 
Transoceanic radio telephone services have been in¬ 
augurated, and with the large increase in steamship 
travel there has arisen a renewed interest in the exten¬ 
sion of telephone service to ships at sea. 

When it became evident that short-wave transmission 



Kiti. 1 —Received Fieijw, New Youk-Bekmtjda Ron 1925 


might be desirable for ship-to-shore telephone service, 
there was undertaken a program involving the measure¬ 
ment of the strength of the electric fields received 
aboard ship from a shore transmitter. This work was 
part of a general program intended to obtain funda¬ 
mental data upon short-wave transmission, for purposes 
of point-to-point, as well as for ship-to-shore telephone 
services. The tests were first made in 1925 on vessels 
running between New York and Bermuda. Further 
measurements were made on other ships in subsequent 
years. 

Fig. 1 is an example of the result of these earlier 
tests. Transmission was from Deal Beach on 4.5 
megacycles, (66 meters). The curve shows the rela¬ 
tively weak field which was received as the vessel left 
dock, due to the considerable stretch of land which 
intervened in the transmission path, the rise of the 
field to high values as the ship passed out of the harbor, 
and the gradual diminution as the vessel continued on 
her course. It will be observed that transmission on 
this frequency was effective at night all the way to 
Bermuda, but that during the daytime the transmission 
failed for distances greater than a few hundred miles. 
Corresponding measurements showed that daylight 
transmission could be secured by means of a higher 
frequency, such as 9 megacycles (33 meters). Measure¬ 
ments of this kind, supplemented by data obtained for 
a wide range of distances over land, and for transatlantic 


distances, have built up a fairly complete set of quanti¬ 
tative data on short-wave transmission over different 
distances and for various times of the day and year. 

Along with this study of transmission conditions, 
there was carried on the development of short-wave 
apparatus technique for telephony. The first appliba- 
tion was in the field of point-to-point transatlantic 
operation and the considerable art built up there, 
including the design of transmitters, receivers, directive 
antennas, and the working out of two-way operating’ 
methods, served as a very useful basis from which to 
develop the coastal and ship stations for the maritime 
system. 

With this background of development, preparations 
were made to set up a two-way, short-wave radio 
telephone system for commercial service. This service 
was centered upon' New York because of the large con¬ 
centration of ocean-going traffic at that port. 

The Technical Problem 

One of the most important problems to be solved in 
the design of a short-wave system is that of determining 
the frequencies necessary for giving the service involved. 
The frequencies which are best suited to the different 
distances, time of day, and season of the year for trans¬ 
mission over the North Atlantic are indicated in the 
curves of Fig. 2. The curves for the greater distances 
refer to the transmission which appears to take place 
in the upper regions of the earth’s atmosphere and is 
usually referred to as sky-wave transmission. Each of 
the sky-wave curves traces the optimum frequency- 
distance relation for the time of day and season of the 



Fia. 2 —Distance-Fkeqvency Chaiiacteiiistic 


year indicated. The curves merely give a general 
picture of the frequency relation and do not take 
account of other effects, such as fading, magnetic 
storms, etc. 

The figure brings out very clearly the necessity for 
using a variety of wavelengths if the ship lanes are to be 
adequately covered. Fortunately, there is a consider¬ 
able band on each side of the curves shown, in which 
good transmission can be obtained, and this enables one 
to choose a small number of frequencies in the short¬ 
wave range which are adequate to cover the conditions. 
Actually, it is found that a set of about four frequencies 
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will suffice to cover the North Atlantic. For distances 
greater than a few hundred miles this characteristic 
obtains irrespective of whether the transmission is over 
water or over land, by reason of the fact that the 
transmission appears to take place in the upper regions 
of the earth’s atmosphere. 

Closer in to the transmitting station, however, there 
is the so-called surface component, the attenuation of 
which is much less over sea water than over land. It 
will be seen that the surface wave may be relied upon 
for distances of the order of 200-300 miles, for fre¬ 
quencies of about 4 megacycles. The transmission of 
this component is much more stable and reliable than 
is the transmission of the sky wave. It seemed im¬ 
portant, therefore, to utilize the surface wave to the 
maximum extent possible. 

With this in mind, a, series of transmission measure¬ 
ments was made over a stretch of water between New 
Jersey, Long Island, and Nantucket for the purpose of 
more accurately evaluating the effectiveness of the 
surface wave component, particularly in so far as it 
bears upon the question of how close to the water front 
the coastal station need be placed. Transportable 
transmitting and receiving stations were used in these 
tests. It was found that as the transmit ting or the 
receiving station was moved away from the water front, 
the attenuation increased materially. For example, 
moving either terminal a mile back from the coast line 
increases the attenuation some 8 db. at 4.5 megacycles. 
On the other hand, a narrow stretch of land, such as a 
sand bar, out a few miles from the coast, introduces 
relatively little loss. These results indicate that if full 
advantage is to be obtained from the more reliable 



surface-wave component, the coastal station should be 
immediately upon the seacoast or a salt-water bay. 

An important factor in connection with radio recep¬ 
tion on shipboard is that of electrical interference. 
The modem steamship requires for its operation and 
its service a large amount of electrical machinery. 
In addition to this, it is equipped with various radio 
telegraphic services. The operation of all of this 
electrical equipment produces interference in a re¬ 
ceiver which is much in excess of that normally en¬ 


countered in a shore receiving station which can be 
so located as to be reasonably free from electrical 
disturbances. Furthermore, there is on the ship 
another source of disturbance which is due to charging 
and discharging of various parts of the rigging in the 
strong electromagnetic fields of the various radio trans¬ 
mitters. These various sources of disturbance were 
found in the earlier shipboard experiments and the 
high noise levels are, in general, the predominant factor 
in limiting the communication range. These factors 



made it desirable to employ at the shore end as powerful 
a transmitter as was available and to use whatever 
benefit could be obtained from antennas designed to be 
roughly directive along the transatlantic ship lanes. 
A transmitting set of the type used in transatlantic 
communication, but adapted for the ship-to-shore 

wavelengths, was therefore employed. 

Since the shore receiver can be located in a compara¬ 
tively quiet situation and since use can also be made of 
roughly directive receiving antennas, there is no ad¬ 
vantage in transmitting as large an amount of power 
from the ship as from the shore. The actual power 
radiated by the Leviathan's transmitter is of the order 
of .500 watts. The shore receiver is of the type used on 
the transatlantic radio telephone circuits, working with 
a directive antenna. The arrangement provides a 
fairly well proportioned system, the channels being 
substantially equally effective in the two directions. 

The Shore System 

The general setup of the system is illustrated in Fig. 
3. The coastal stations, sending and receiving, are 
located about 60 miles south of New York on the New 
Jersey shore, at Ocean Gate and Forked River. The 
course followed by the transatlantic ships is indicated 
on the map of Fig. 4. The directional bearing of this 
course and the directivity characteristic of the New 
Jersey shore station antennas are illustrated in Fig. 5. 
It will be observed that the breadth of the t ransmi tted 
beam is adequate to take care of the variation of the 
directional bearing of the course. For steamship 
routes other than the transatlantic, as for example 
the coastal route to the South, other antenna arrange¬ 
ments will be required. 
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In general, the whole coastal station, including the 
transmitting and receiving units, taken together with 
the wire line connections and control position in New 
York, is similar to one end of a transatlantic point-to- 
point circuit. The transatlantic facilities have been 
described in previous papers 4 and reference should be 
made to them for more detail than is given below. 
The transmitting set has been adapted to cover the 
frequency range used in the service. It has a power of 
15 kw. output of unmodulated carrier and is capable of 
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delivering 60 kw. peak power. A photograph of a 
similar transmitter at Deal Beach, which is being used 
for this service pending the completion of the transmit¬ 
ting station at Ocean Gate, is shown in Fig. 6. The 



Fi«. (1— Ij.m'htkation Deal Beach Tuansmittino Set ' 

antennas are simpler and less directional than those 
employed in the transatlantic circuit, and give a trans¬ 
mission gain of 8 to 10 db. as compared with a single 
half-wave antenna. . 

The receiving station at Forked River has been in 

4. Papers on Transatlantic Telephone Service by Messrs. 
Miller, Bown, Oswald, and Cowan, A. I. E. E. Quarterly Tuans., 
Vol. 40, April 1930, p. 621. 


operation since the opening of commercial service last 
December. A photograph’of the receiving set is shown 
in Fig. 7. The receiver is of the double-detection type, 
of high gain and selectivity, and employs screen-grid 
tubes. It is provided with automatic gain control. 
The apparatus shown includes not only the receiving 
set proper but also the equipment which is required for 
monitoring the circuit and for connecting with the 
wire line into New York. The receiving antennas are of, 
the same general type as those used in the transatlantic 
system, which consist of a row of quarter-wavelength 
verticals connected alternately top and bottom by 
quarter-wavelength conductors. In the case of the longer 
wavelengths used in the ship-to-shore service, the verti¬ 
cal conductors are reduced in height and the horizontal 
links correspondingly elongated. A photograph of the 



Flfi. 7—ILLUSTRATION FORKED RlVKR RecISIVINCI SET 

station at Forked River and two of theantennas is shown 
in Fig. 8. • 

The control and operating terminal equipment in New 
York is identical with that in use on the transoc eani c 
radio telephone circuits. The control positions, as thejy 
exist in the New York long-distance telephone buildirfg 
for both transatlantic and ship-to-shore circuits, aje 
pictured in Fig. 9. These control positions have 
associated with them such things as voice-frequency 
repeaters, indicators of the volume being transmitted 
and received over the circuit, gain controls, monitoring 
and testing facilities, and voice-current operated 
switching devices. The latter prevent the speech 
received from the ship from being reradiated from the 
shore transmitting station and permit independent 
adjustment of amplification in the circuits leading to the 
transmitting and receiving stations. Thus, the volume 






















sent to the transmitting station may be kept substan¬ 
tially constant, despite variations in speech volume 
received from different land line subscribers and full 
modulation of the transmitter may be obtained for 
over-riding noise on the ship. The function of the 


circuits, including, at the right, two positions devoted 
to the ship-to-shore service. The duty of one of these 
two girls is confined to the radio circuit itself in that she 
talks to the ship operator, passes and receives infor m^ , 
tion as to calls, and is' generally responsible for eom- 



Fig. 8—Illustration Forked River Station with Antenna 


technical control operator is that of maintaining the 
circuit in the correct technical condition for talking. 
In general, it is the intention that the shore transmitting 
and receiving stations should function, as far as possible, 
merely as repeater stations, with the control of the 


pleting the connection between the ship circuit and the 
land line subscriber. The adjacent operator is con¬ 
cerned more particularly with the land line subscribers, 
answering inquiries and recording calls outbound to 
ships and, in turn, getting in touch with and holding 
land line subscribers for inbound calls 



Fig. 9—New York Technical Control Positions 


over-all circuit from New York to the ship resting in the 
New York technical operator. 

The circuit terminates as an operating facility before 
a traffic operator at one of the long-distance telephone 
boards. In Pig. 10 is shown an illustration of the 
traffic positions for the transatlantic radio telephone 


The Ship Station 

The Leviathan's radio transmitter was designed to 
supply about 500 watts, 80 per cent modulated radio 



Fig. 10—New York Traffic Positions 

frequency power to an antenna at frequencies from 3 to 
1 17 megacycles. To insure satisfactory operating con¬ 
ditions, the carrier frequency stability was made as good 
as that required for point-to-point service and the 
transmitter has been designed with the object of holding 
the frequency within 0.01 per cent. This facilitates 
the establishment of contact between the ship and shore 
and obviates the necessity for frequent ret iming 0 f the 
shore receiver. The background noise on the unmodu¬ 
lated carrier, due to commutator ripple, etc., is inap- 
preciable and the audio-frequency characteristics from 
200 to 2750 cycles is flat to within ± 2 db. 
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In addition to these electrical requirements, the 
mechanical design must be such as to withstand ship’s 
vibration, permit easy access to the interior so as to 
facilitate wave change, and at the same time protect 
the operators from electrical shock. 

The transmitter consists of a crystal oscillator and 
associated amplifiers. The crystal provides the nec¬ 
essary carrier frequency accuracy and stability and the 
amplifiers step up the power of the carrier to the desired 
level. Audio-frequency filters are placed in all voltage 
supply circuits to eliminate background noise. The 
modulation system with its associated transformers is 
designed to produce the requisite audio-frequency 
quality. A diagram of the circuit is shown in Fig. 11. 

Very thorough electrical shielding is necessary be¬ 
tween amplifier stages to prevent singing. This 
shielding makes the changing of coils, which is necessary 
for the changing of wavelengths, very unhandy, and 
hence the crystal control and amplifier system, except 
the last stage, is provided in duplicate, one side being 
used for the longer and the other for the two shorter 
waves. Wave changing, except for the output circuit 



I'’ig. 11—Ship Transmitter's Schematic Diagram 


of the power stage, is then accomplished by connecting 
the proper amplifier to the power stage. 

The quartz plates used in the crystal control system 
are circular, being approximately one inch in diameter, 
and are clamped rigidly in the holder. This clamping 
serves to prevent any change of frequency with me¬ 
chanical vibration. The holder with its crystal is 
mounted in a small oven, the temperature of which is 
held constant at 50 deg. cent, to better than ± 0.1 deg. 
cent. The thermal system of this oven is so designed 
that the change of internal oven temperature with 
temperature changes of the surrounding air is negligible. 

As shown in the figure, the crystal is connected 
between the grid and filament of a 5-watt vacuum tube 
which, together with the parallel resonant circuit 
connected to the output of this tube, forms the crystal 
oscillator. The radio-frequency voltage developed by 
the crystal oscillator is applied directly to the grid of a 
7J4-watt screen-grid tube which can be used either as an 
amplifier or a frequency doubler. The output of this 
tube, except in the case of the higher frequencies, is 


applied directly to the grid of a 50-watt screen-grid 
amplifier. For the higher frequencies a second fre¬ 
quency doubler can be switched into the circuit. The 
output of the 50-watt tube is coupled through a balanced 
transformer to the final amplifier stage. The amplifier 
or frequency doubler stages are separately shielded and 
radio-frequency filters are provided in all power supply 
leads. 

The power amplifier consists of an air-cooled, three- 
element, one-kilowatt tube. Neutralization is accom¬ 
plished by the familiar balancing arrangement shown 
in the figure. The output circuit of this stage consists 
of a parallel resonant circuit with provision for tapping 
in the connection to the antenna. 

Modulation takes place in the plate circuit of the 
final amplifier stage, the plate current supply being fed 





Fig. 12 —Illustration Leviathan Transmitter 

through a special transformer, the secondary of which is 
connected to two 250-watt tubes connected push-pull 
and fed by a 50-watt amplifier. 

The power supply is obtained from motor-generator 
sets operated from the 110-volt, d-c. ship supply. 
Protection of the operators and apparatus is provided 
by means of relays and contactors in the.high-voltage 
supply circuits which prevent the high voltages from 
being applied if the filament or grid circuits are not 
closed or if the doors of the transmitter are open. 

An illustration of the ship’s transmitter is shown in 
Fig. 12. The picture is somewhat out of perspective 
owing to difficulty in taking the photograph in the 
limited space available on shipboard. 

The receiving problem on shipboard is complicated by 
a number of factors. The transmitting and receiving 
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frequencies must be within a few per cent of each other, 
if the best transmission conditions for the time and 
Place are to be utilized and if the frequencies are to 
remain in the bands assigned internationally to the 
mobile services. This requirement, as well as the noise 
conditions on shipboard, calls for a receiver of high 
selectivity, which is obtained, in the present instance, 
by the use of a double-detection set. The over-all 
selectivity is accomplished both by having a number’ of 



Fig. 13 —Receives on SS. Leviathan 


Screen-grid tubes are used for the first detector and 
intermediate frequency amplifiers and’ three-element 
tubes in the remaining positions. A photograph of the 
receiver and associated voice-frequency equipment, as 
it is installed on the Leviathan, is shown in Fig. 13, and 
a diagrammatic representation of the receiver is shown 
in Fig. 14. The high-frequency selective system con¬ 
sists of four separately shielded tuned circuits, coupled 
by small capacities. The use of a screen-grid tube in' 
the detector circuit gives a twofold advantage over the' 
use of a three-element tube in that a higher input 
impedance is maintained at the higher frequencies and 
the necessity for neutralizing against the reaction of the 
beating oscillator on the input circuit is elimina ted. 
The beating voltage is made of the order of 75 to 100 
volts for the purpose of reducing the effective tube 
noise in the detector plate circuit. With this arrange¬ 
ment no d-c. plate voltage is ordinarily required 
The screen voltage is 22 volts. The output circuit is 
tuned to the intermediate frequency of 300,000 cycles 
and connection with the first intermediate amplifier is 
effected by means of a low impedance transmission line. 
The intermediate frequency amplifier stages are coupled 
by means of double tuned circuits. The use of properly 
designed circuits of this type makes it possible to obtain 
a high degree of selectivity against undesired fre¬ 
quencies while obtaining sufficient band width to 
maintain ease of tuning and to pass the desired fre- 


highly selective circuits ahead of the first detector and 
by using tuned circuits in,, the intermediate frequency 
stages, the high-frequency selectivity being used pri¬ 
marily to prevent overloading of the first tube and the 
intermediate frequency circuits being used to obtain the 
final selectivity required. ! 

A reduction^ the disturbances due to stay noises 
and. better discrimination against the transmitted 
earner is obtained, if the transmitting and receiving 
antennas are widely spaced. On the other hand, for 
operating reasons, it is desirable to have the transmit¬ 
ter and receiver located in the same room. In the case 
of the Leviathan installation, the transmitting antenna 
is located directly above the radio room, between the 
second and third stacks, and the receiving antenna is 
placed as far as possible behind the third stack. The 
receiving antenna is connected through a suitable 
step-down circuit to a shielded transmission line, the 
other end of which is connected to the receivers the 
receiver itself being very thoroughly shielded to avoid 
direct interference from the transmitter. On account 
of limited space, only two antennas are provided to 
handle the four frequencies, each antenna representing 
a compromise between the most efficient antennas 
which could be put up to handle the separate wave¬ 
lengths. 

As staged above, the receiver itself is of the double¬ 
detection type, using heater type tubes throughout. 
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Fig. 14—Ship, Receiver Schematic Diagram 

quencies. The second detector is of the conventional 
gnd bias type. Automatic gain control is provided 
in which a certain amount of the carrier is taken at the 
end of the intermediate frequency stages, amplified' 
and rectified. The resulting d-c. current produces a 
voltage drop across a resistance, which is applied to the 
gnd of the first detector in such a manner that an 
increase in the intermediate frequency output brings 
about a reduction in the total set gain and vice versa. 
Manual gain control for following wide changes in the 
received fields is accomplished by variation of the 
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voltages applied to the grid and the screen of the first 
detector. 

The voice-frequency equipment, in addition .to the 
desk telephone set located in the subscriber's booth, 
comprises a technical operator’s position located ad¬ 
jacent to the ship’s receiver, and an attendant’s desk 
located on a lower deck in a room adjacent to the 
subscriber’s booth. The control equipment consists 
of repeaters, volume control devices, and volume 
indicators, by means of which the levels of the incoming 
and outgoing signals can be properly adjusted. Keys 
are provided which enable the technical operator to 
talk either over the radio circuit or to the ship subscriber. 
The booth attendant has facilities by which he can talk 
either to the subscriber or to the control operator and 
has a connection with the ship’s telephone system for 
the purpose of locating persons on the ship and calling 



Fiq. 15 —Subscriber’s Booth on Leviathan 


them to the radio telephone booth. The subscriber’s 
booth is provided with a desk telephone set having a 
high-grade transmitter. The outgoing and incoming 
circuits are shielded from each other and brought 
separately to the transmitter and receiver of the sub¬ 
scriber’s set. An illustration of the subscriber’s booth 
on the Leviathan is shown in Fig. 15. 

The Wavelength Situation and Simultaneous 
Telephone and Telegraph Operation 
Communication between ship and shore is carried out 
by the use of a pair of frequencies, one for transmission 
in each of the two directions, separated from each 
other by about 3 per cent. The specific frequencies 
which were first assigned by the Federal Radio 
Commission to the shore station and the Leviathan 
were necessarily chosen on more or less of a makeshift 


basis, in the absence of any comprehensive wavelength 
plan for this new service. The Commission has recently 
had under study the setting up of more adequate 
provisions for ship-to-shore telephone channels, whereby 
it is hoped a series of frequencies may be designated for 
telephone service exclusively and whereby there may be 
established the relation between the telephone and the 
telegraph frequencies necessary for the avoidance of 
interference between the two services. Especially is 
coordination of the two sets of frequencies necessary on 
the larger vessels, in order that simultaneous telegraph 
and telephone service may be given without mutual 
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Pig. 16—Transmission Results between SS. Leviathan 
and New York 


interference. On the larger liners simultaneous use of 
the radiotelephone and radiotelegraph service must be 
provided for. This means that the transmitters of 
both services must keep accurately on their frequencies 
and be free of spurious components, and that the 
receivers must be highly selective. It further entails 
that the transmitting and receiving frequencies in each 
of the two cases be so coordinated that the transmission 
frequency of one service does not lie too near the receiv¬ 
ing frequency of the other, and bespeaks a considerable 
am ount of mutual cooperation between the operating 
agencies involved. Difficulties of fitting in the two 
services were encountered in the early work on the 
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Leviathan and, although the problem has not been 
worked out to final solution, sufficient progress has 
been made, in cooperation with the engineers of the 
Radio Corporation of America, to enable the telegraph 
and telephone services to be conducted simultaneously 
without undue interference. 

In view of the fact that ships of a number of nations 
are already preparing to give radio telephone service on 
the transatlantic routes and with the probability of this 
service also extending to other parts of the world, it 
would appear to be a matter of importance that the 
whole question of marine frequency allocations be 
worked out in the near future not merely on a national 
but also on an international basis. 

Transmission Results 

The transmission results which have been obtained 
with the Leviathan on her first trip of commercial 
service are summarized in Fig. 16. It will be noted that 
practically continuous • 24-hour communication was 
maintained for distances within 1000 miles of the shore, 
corresponding to two days out. The service at greater 
distances was more intermittent. This was largely due 
to the fact that during this first*trip the effort was 
concentrated on covering reliably the more important 
nearer-in distances, and the ship was not prepared to 
transmit on frequencies above 8 megacycles. The 
service proved to be much in demand by the passengers, 
as is indicated by the number of calls completed each 
day, particularly on the return trip. A similar number 
of test and demonstration calls was made during the 
voyage. The calls were completed without undue 
delay, there being only one ship involved, and a fairly 

high grade of communication was obtained. 

In conclusion it will be realized that the solution of 
the technical problem of ship-to-shore telephony is now 
well in hand and has been carried to the point of having 
proved the practicability of giving this service. Fur¬ 
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ther problems are naturally arising in carrying the 
development into more general effect, particularly 
operating problems and those concerned with the 
international coordination of the service. The indica¬ 
tions are that the larger transoceanic ships will be 
rather generally equipped for telephony and that the 
service will become one of permanent value in the 
maritime field. 


Discussion 

W. B. Kirke: I should like to ask the authors if there are 
other insulations beside the Leviathan installed? 

Lloyd Espenschied: Yes, in addition to the Leviathan there 
are the Majestic and Olympic which have been equipped in 
England. All three ships are now giving service to both the 
English and the American sides of the Atlantic. 

In reference to the suggestion which was just made, that a 
record be kept of the radio transmission effects for the purpose of 
establishing a possible correlation with natural phenomena, such 
as solar activity and magnetic storms, I might say that we do keep 
quite a careful record of quantitative measurements of radio 
transmission, made from day to day, and that we attempt to 
correlate these results with the occurrence of sunspots and mag¬ 
netic storms. In general, there appears to be quite a definite 
correlation between variations in radio transmission and the 11- 
year cycle of solar activity. There is as yet no very consistent 
correlation between the individual sunspots and radio transmis¬ 
sion. However, we do find that magnetic storms, i. e., at ab¬ 
normal conditions in the earth’s magnetic field, are accompanied 
almost invariably by a reduced effectiveness of short-wave trans¬ 
mission across the North Atlantic. It may be of interest to know 
this: As a convenient means for quickly detecting the occurrence 
of a magnetic storm, we maintain a pair of wires, grounded at each 
end and each one hundred miles or so long, one wire running north 
and south, the other, east and west. We have current recorders 
continually in operation on these two circuits and find that the 
failure of short-wave transmission is almost invariably accom¬ 
panied by abnormal fluctuations in ground current. This whole 
matter of the relationship between solar disturbances, magnetic 
storms, and radio transmission is, of course, a large and interesting 
field for exploration, and is being studiedly a number of people. 

It is hoped that radio wifi prove to be a useful tool in helping to 
disclose the natural phenomena which are at work. 
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Synopsis.- - The object of this paper is to present the results m of 
an investiyation to (letermine the effect of resistors shunting current 
limiting reactors, on the impulse behavior of the typical system 
employing them. The typical system is reduced, without loss of 
essential generality, to a comparatively simple analytic network; 
and the impulse behavior of this network is then calculated mathe¬ 
matically. These calculations are adequately supported by test 
results with impulse generator and cathode ray oscillograph , both in 
the field and in the laboratory, and accurate agreement established. 
Methods are developed and illustrated for taking into account 
incident waves, such as those due to lightning, of arbitrary shape. 
Under the most unfavorable condition of wave shape and circuit 
conditions , voltages approaching four times that of the incident wave 
may be. built up at the bus by reflections and oscillations. In 
general, through the use of a shunting resistor, of proper value, three 
beneficial results are obtained: ( a ) Oscillations arc completely 


eliminated , thereby limiting the maximum voltage which can occur 
on the bus to never more than twice that of the incident wave. (6) The 
initial rise in voltage on the line side of the reactor, due to positive 
reflections, is reduced and can be held down to the final value cor - 
responding to the tail of an infinite rectangular incident wave. 
(c) The internal oscillations in the reactor itself can be eliminated, 
and the voltage distribution improved. The extent to which these 
improvements can be realized, under a wide range of possible 
operating conditions, is discussed and illustrated in this paper. 
With some combinations, the improvements are very great, while for 
others , there is no appreciable gain. The criterion for utilization of 
shunt resistors is,—will the elimination of oscillations and the 
reduction of positive reflections , under the most unfavorable possible 
operating condition which can be experienced on a given system, 
be worth the cost? 

* * . * * * 


Introduction 

T HIS paper is part of an extensive investigation of 
lightning waves on transmission lines, which has 
been under way for a number of years under the 
general direction of Mr. F. W. Peek, Jr. 

There has been a wide divergence in the opinion of 
engineers as to the relative merits of resistors shunting 
current limiting reactors. Some have ascribed to them 
the property of reducing transient voltages, which 
apparatus has to stand, while others have felt they do 
not reduce these transients and, in some cases, may 
actually increase the voltage stresses in connected 
apparatus. The purpose of the investigation described 
in this paper was to determine by an analytical treat¬ 
ment of the apparatus and circuits involved, what 
benefits or detriments should be expected from the use 
of resistors. 

The presentation of this investigation takes the 
following form: 

I. The typical system using current limiting reac¬ 
tors is considered. 

II. The general analytic network of the typical 
system is resolved into its generalized impedances and 
the progress of an incoming or incident wave through 
these impedances is outlined. 

III. The equivalent circuit of the network- is 
described. 

IV. The shape of the incident waves used in the 
calculations is defined and the mathematical methods of' 
dealing with them are described. 

V. Formulas for calculating the effects of the 
incident wave on the typical system are given, together 
with the results of calculations on this system. 

♦General Transformer Engg. Dept., General Electric Com¬ 
pany, Pittsfield, Mass. 

Presented at the North Eastern District Meeting of the A. I. E. E., 
Springfield, Mass., May 7-10,1980. 


VI. Experimental results are given which show 
that the effect of waves upon such systems may be 
accurately calculated. 

VII. The effect of a resistor on the internal dis¬ 
tribution of voltage in a reactor is discussed and ex¬ 
perimental results are shown. 

VIII. General conclusions are drawn. 

I. Typical Circuit Using Current Limiting 
Reactors 

In a typical system in which reactors are used, as 
shown in Fig. 1, the apparatus and circuits may he 
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Fig. 1—Single Line Diagram of a Typical System using 
Current Limiting Reactors 


represented for mathematical treatment of impulse 
voltages as follows: 

1. Overhead lines by surge impedances of 300 to 
600 ohms. 

2. Underground cables by surge impedances of 30 
to 90 ohms. 

3. Station busses by capacitances to ground. 

4. Terminal equipment by the equivalent circuits 
shown in Fig. 2. The use of a capacitance as the 
equivalent circuit of a transformer, has been estab¬ 
lished theoretically and experimentally. 1 ' 7 ' 10 The 
equivalent circuit for a generator was determined by 
Mr. E. W. Boehne and will be discussed in a paper by 

1. For references see Bibliography. 
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him to be presented at the summer convention. Reac¬ 
tors behave practically as pure inductances in their 
external effect on traveling waves, as will be shown by 



Fig. 2—Equivalent Circuits of Terminal Apparatus to 
Lightning Surges 

A. Transformer, ideal. 

B. Transformer, approx. 

O. Rotating machine, ideal.. 

D. Rotating machine, approx. 

E. Reactor with shunt resistor, ideal. 

F. Reactor with shunt resistor, approx. 

the experimental results recorded in this paper. They 
range in value from 0.0002 to 0.010 henries. 

The following table gives the range of effective ca¬ 
pacitance to ground of apparatus and station busses. 


Apparatus 

Oai 

>acitance in 

m. f. 

Max. 

Min. 

Ave. for all 
apparatus 

Generators (salient poles). 

0.003 
0.010 
0.0020 
0.0010 
0.0050 
n niR 

0.001 
0.002 
0.0004 
0.0002 
0.002 
n aaa 

0.002 

0.005 

0.0010 

0.0005 

0.003 

0,005 

Turbo alternators. 

Transformers (distribution). 

Transformers (power). 

Transformers (non-resonating). 

Bus systems... 




II. The General Analytic Network of a Typical 
• System 

The general analytic network of a typical system is 
shown in Fig. 3. It consists of the following generalized 
impedances: 

1. Surge impedances of lines and cables— Zi, 

2s. Z n . 

2. Series impedance (reactors, choke coils, series 

capacitors, etc.) £i (p), Z 2 (p) . Z n (p). 

3. Shunt impedances to ground (transformers, 
generators, busses, etc.) Z„ (p). 

4. Impedances Z a (p) and Z (p) which consist of 
several impedances in series and in parallel, included 
together to simplify mathematical treatment. 

An incident wave e 2 traveling along line Zi and strik¬ 
ing mpedance Z 0 (p) causes: 

_ 1. A reflected wave ei which combines with e x to 
give a total potential e/ at the transition point. 


2. Refracted waves transmitted to the other lines, 

e/, e 3 " .e/. 

3. A potential e across the shunt impedance Z 0 (p) 
to ground. 

4. Potentials Ei, E 2 . E„ across the series 

impedances Z l (p), Z 2 (p) . Z n (p). 

The general mathematical solution of this circuit is 
given in Appendix I. 

III. Equivalent Circuit of the Network 

The circuit that has been used (as the equivalent 
of the network of a typical system in which reactors 
are placed) in the calculations of this investigation 



is shown in Fig. 4 and its complete solution is given in 
Appendix II. In this figure, the surge impedance Zi 
is the feeder (either overhead line or underground cable) 
which carries the oncoming incident wave e x . This 
feeder terminates at the bus in a reactor unit of induc¬ 
tance L, shunt resistance R, and an effective series 
resistance r (due primarily to the transient skin effect 
of the lightning wave). Tests with a typical impulse 
on a reactor of 0.002 henrys inductance indicated an 
effective series resistance of about 100 ohms. The total 
equivalent capacitance to ground, due to all te rminal 
equipment (including transformers, generators, and 
busses) has been lumped as a single capacitance C. 
All outgoing feeders as well as the effective surge im¬ 
pedances of rotating apparatus, have been lumped as 
a single outgoing feeder of surge impedance z 2 . Atten- 



Fig. 4—Equivalent Circuit of Lines, Reactor and 
Terminal Apparatus 

tion is called to the fact that in a typical power system, 
there would also be reactors in the outgoing feeders, 
but including them in the analysis increases the order 
of the differential equations so that their explicit 
solution becomes too involved. The error introduced 
by omitting these inductances is not great, and will be 
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discussed later on. When the incident wave ei, strikes 
the junction, a part e x ' is reflected back, and a part 
ei passes on to the outgoing feeders as a transmitted 
wave. 

IV. Shapes of the Incident Wave Used in 
Calculations and Mathematical Method of 
Dealing with Them 

There are usually three ways in which the effect of 
wave shape may be computed: 

(a) Substitute in the circuit equations of the vari¬ 
able, the operational equivalent for the analytical 
expression of the wave and solve the resultant opera¬ 
tional equations. This practise raises the degree of the 
differential equation and may therefore complicate it 
too much to allow of a rational solution. 

(b) Find the solution for an infinite rectangular 
wave, and then through the application of Duhamel’s 
theorem, find the solution corresponding to the time 
function of the applied wave. This practise necessi¬ 
tates making a complicated integration which may 
prove impossible except in very simple cases. 

(c) By means of Heaviside’s shifting theorem, find 


rv a -.10 

W b=2.00 

I j- 1.23 



Fiq. 5—Empirical Wave Shapes given by e = E W) 

solutions for simple exponential applied waves. Then 
the solution corresponding to more complicated waves, 
which are compounded of exponentials, is found by 
superposition of solutions. 

The computations in this paper have been based on 
this third method which is more fully described in 
Appendix I. 

Examples of waves which may be built up out of a 
pair of exponential waves are shown in Fig. 5. These 
also may be compounded. For instance, if it is re¬ 
quired to find the solution corresponding to a “typical 
lightning surge” having a damped high-frequency 
oscillation, a superposition of the 6th and 8th waves of 
Fig. 5 (with the constants adjusted, of course, to give 
the proper wave-fronts, crests, tails, frequencies, and 
damping) will prove quite satisfactory. 

The formulas and methods given in this paper for the 
calculation of reflected and transmitted voltages apply 
for an incident- wave having any of the shapes given 
in Fig. 5.- The computations of reflected and trans¬ 


mitted waves have been based on incident waves of 
shapes similar to the 1st, 2nd, and 6th waves in Fig. 6. 

V. Formulas for Calculating the Effects of an 
Incident Wave on the Typical System, and Results 
of Calculations 

In this section are given the calculated effects of 
impulses on a network having an equivalent circuit as 
shown in Fig. 4. 

The derivation of the equations which were used in 
making these calculations is given in Appendix II. It 
is based on an incident wave of the shape given by the 
equation e x = E i e~ at . 

The equation of the reflected wave is: 
e x = x Eic- 0 * + y Ei €~°“ sin (to t + (f>) 

= x E x tr* + Y Ex e sinh (0 i + $) 

- x E x tr* + Ei (Wi e°‘ - W 2 ~ m ) 

The equation of the transmitted wave is: 

& 2 — u Ei e~ at -|- v Ei tr 0 * sin (<o t _ ~f - if/) 

= u Ei €~ at + VEi €-“* sinh (a t + *) 

= u Ei + Ei (Ji - JYe- a ) 

The definition of each of the symbols has been given 
in Appendix II and for the sake of brevity is not re¬ 
peated here. 

Values of a, <o = j Q,x,y = Y/j, <t> = . j 4>, W x , W 2 , u, 
v = V/j, ip = j'Hr, Ji and J 2 are tabulated for various 
combinations of r, L, R, C, z x and z 2 as follows: 

1. Table I for a = 0 in ei = (e~ al rectangular wave 
of unit height). 

2. Table II for a - 0.1 x 10 6 . 

3. Table II for a = 0.2 X 10 6 . 

Curves drawn from values in Table I are plotted in 
Figs. 6 to 17 inclusive. They give the total voltage on 
each side of the reactor (&i = e x + e x and e/) result¬ 
ing from the incident wave e = e -a * where a = 0. 
Also on Figs. 6, 7, 8, 12, and 13, are drawn for com¬ 
parison e/ and e 2 corresponding to the incident wave 
ei = 4 (e -01 * — This wave has a seven micro¬ 

second front, a crest value of unity, and the tail de¬ 
creases to ¥2 of the crest value in 20 microseconds. 
The data used in plotting % these latter curves were 
taken from Tables II and III. They are plotted be¬ 
low the zero axis to avoid interference with the waves 
corresponding to the rectangular incident wave. 

The waves plotted on the left hand side of the 
figures give the voltages obtained with no resistor 
(R = 00 ) shunting the reactor while those on the right, 
hand* side correspond to a 1000-ohm resistor shunting 
the reactor. 

Fig. 6. Referring to Fig. 6 and Fig. 4 it will be 
noted that the curves apply to the case of an impulse 
coming from an overhead line and passing through a 
reactor into a capacitance to ground. This case repre¬ 
sents a transformer at the end of a line with a reactor 
between it and the line. It also represents the case- 
where all the feeders except one have been disconnected 
from the bus with the wave entering on this remaining 
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feeder. It seems probable that such cases rarely occur 
in practise. 

It is to be noted that with a rec tangula r wave, the 
maximum voltage on the line side of the reactor is 2.2 
times the incident wave and that the transmitted 
voltage is 2.74 times the incident wave. When the 


The capacitance to ground is only 1/10 of that of Fig. 6 
and consequently, the voltages are higher and the im¬ 
provement due to the resistor is greater, the line voltage 
and the transmitted voltage being reduced to 73 per 
cent and 64 per cent respectively of that without the 
resistor. 



Fia. 6 r - 100, £ - 0.002, Z 1 =400. Z t = «, 

C = 0.005 X 10^ 

reactor is shunted by a 1000-ohm resistor, the voltage 
on the line side is reduced to 94 per cent of the voltage 
without resistors and on the other side to 81per cent. 
With the wave having a 7-microsecond front, the volt¬ 
age on the line side is practically unchanged by the 
shunt resistor while on the other side the voltage is re¬ 
duced to 90 per cent of the voltage without resistors. 
A greater improvement would have resulted if the shunt 
resistance had been of approximately the same magni¬ 
tude as the surge impedance Z u 

Fig. 7. This case is very similar to that of Fig. 6. 


Figs. 8 and 9. These cases are similar to that of a 
bus system with overhead feeders. In such a system, 
would have reactors in it and would represent several 
feeders in parallel. It is believed that the inaccuracy 
due to not having reactors is partially offset by the use 



Fig. 7—r = 100, L = 0.002, Z x = 400, Z t = » 

C = 0.0005 X 10-« 

of the surge impedance of only one line. The fact that 
. transmitted voltage is low and that its wave front 
is not as steep as that of the incident wave (due to the 
shunt capacitance), in a measure justifies this simpli¬ 
fication of the circuit. 

The improvement due to the resistor is chiefly on the 
hne side of the reactor. The voltage at this point is 





TABLE II—(Calculated) a « 0.1 X 10*. / = 100. L 
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approximately 75 per cent of the voltage without the 
resistor when the incident wave is rectangular. The 
improvement is less for sloping waves, being inappreci¬ 
able for the 7-microsecond wave as is shown by the 
waves below the zero axis in Fig. 8. The actual im- 
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Fig. 8— r = 100, L = 0.002, Z x = 400, Z 2 = 400, 
C = 0.005 X 10-® 
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Fig. 9— r = 100, L = 0.002, Z t = 40Q, Z* = 400, 
C = 0.0005 X 10-« 
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Fig. 10— v » 100, L ® 0.002, Z, — 400, Za — 50, 
C - 0.005 X 10-* 
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Fig. 11—r - 100, L - 0.002, Z, - 400, Z 4 - 50, 
C =» 0.0005 X 10-* 


provement depends on the steepness of the waves which 
occur in practise. 

Figs. 10 and 11 . These cases are very similar to those 
of Figs. 8 and 9, the difference being in the change of 
the impedanee Zt from 400 ohms to 50 ohms. The 
cases of Figs. 8 and 9 merge into these as the number 
of feeders is increased. Here, also, the improvement 
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Z 2 | C 10-° | 
» I 0.005 I 


(Calculated) 


TABLE III 
■ 0.2 X 10®, r - 


400 0.005 


50 0.005 


400 0.005 


0.125 

0.1679 

0.125 

0.8107 


0.2905 

0.2245 

0.9922 

0.3584 


0.0375 
1000 0.1321 
co 0.0375 
1000 0.9893 


0.314 

0.2955 

0.9993 

0.2626 


co 0.2875 .2342 

1000 0.3821 >0.06608 

oo 2.5375 >2.2503 

1000 3.489 >3/280 

a> 2.0375 >1.937 

1000 2.1321 >1.036 

oo 20.038 >19.94 

1000 20.989 >20.89 


1.889 

1.778 

1.081 

0.9829 


1.452 217.8° 
1.394 255.4° 
0.4052 191.5° 
1.544 339.0° 


oo 0.375 0.2905 

1000 0.4179 0.01989 

co 2.625 >2.154 

1000 3.3107 >3.035 

oo 2.125 >1.848 

1000 2.168 >1.962 

oo 20.125 >19.85 

1000 20.81 20.61 


-0.04348 1.2843 125.7° 
-0.2537 1.4828 27.4° 
-0.5484 ->0.1667 >2.93 
-1.0614 ->0.8770 >1.30 


-4.448 ->1.382 

-32.25 ->1.502 

-4.344 ->0.4035 

-35.9 


>2.08 5.5345 

>3.76 32.696 

>3.28 5.3521 

36.348 


1.080 0.1319 214.2° 

1.073 0.1762 252.3° 

1.010 0.04942 191.4° 

1.009 0.2430 334.7° 

0.76 2.701 117.3° 

0.6529 ->0.1280 >1.43 

0.4 ->0.0352 >3.52 

1.625 ->0.4984 J .4984 

1.5067 

-2.845 

1.5006 

-1.350 


0.6005 

2.5540 

-0.5066 

3.6477 

-0.5006 

-0.3957 


] J\ I 


2.222 2.295 

1.944 2.487 

2.020 2.026 
1.994 4.989 

1.739 2.0304 

2.089 8.775 

1.613 >0.8337 
0.1195 2.1473 

0.0862 0.6897 >0.2010 

0.0172 4.375 

0.0076 0.6689 >0.05827 

0.020 4.636 

1.600 1.802 
1.451 2.177 

1,951 1.977 

1.927 8.926 

3.2 3.416 

4.628 >5.240 
0.0005 5.000 >1.405 

0.0243 21.87 

0.0001 -0.5333 
-0.1025 -0.3229 
0 -0.5031 

0.0042 -0.3061 


>1,95 -0.7040 -0.0143 

-4.3088 0.0663 

> 3.13 -0.6702 -0.0012 

-4.5670 0.0687 


249.5° 

>0.80 

>1.98 -5.094 -0.094 

-21.32 -0.56 

0.5197 -0.0137 
0.4083 0.0853 

0.5019 -0.0013 
0.3965 0.0904 


due to the resistor is on the line side of the reactor and is 
of substantially the same amount as in the of 
Figs. 8 and 9. . 

Figs. 12 and IS. These cases are similar to those of 
Figs. 6 and 7, differing only in that z\ corresponds to 
a cable of 50 ohms surge impedance. Substantial 
oscillations occur in the transmitted wave causing it in 



Fig. 12 —r - 100, L = 0.002, Z, = 50, Z 2 = » 

C = 0.005 X 10-* 

the case of Fig. 12 to rise to 3.37 times the incident 
voltage and 3.77 times for Fig. 13. The reductions 
effected by the resistor for Figs. 12 and 13 are 23 per 
cent and 47 per cent respectively when the incident 
wave is rectangular and a mucnlinaller amount for the 
7-microsecond incident wave. 

Figs. Ilf and 15. These cases are similar to that of a 
bus system with underground cables. Here, the gain 
due to the resistor is not appreciable, due to the very 
large difference between the resistance of the resistor 


(1000 ohms) and the surge impedance of the cable 
(50 ohms). This does not represent a very practical 
case because z 2 would in practise, be considerably less 
than Zi, due to the large number of cables that would 
ordinarily be represented by z 2 . 

Figs. 16 and 17. This case represents the usual bus 
system with underground cable. Here again, the gain 
due to the resistor is negligible due to its high resistance. 
With a resistor of 50 ohms, the gain would be large as 
there would be no appreciable reflection and conse- 



C = 0.0005 x i0-» 

quently, the line voltage would be very little higher 
than the incident wave. In other words, the voltage 
on the line side of the reactor would be decreased by the 
resistor from 2 times the incident voltage to not more 
than 1.1 times the incident voltage. 

Attention is called to the fact that the resistance of 
the conductor (r) of the reactor is a variable depending 
on the steepness of the wave or the frequency of the 
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oscillation. For lightning waves, it is chiefly due to At this time, the resistance is of the order of 100 ohms 
glrin effect and its value for the reactor used in this in- and the voltages calculated are correct, 
vestigation is of the order of 100 ohms. To treat the vi. Experimental Results 

resistance as a variable in the equations makes their In order to check the accuracy with which the trans¬ 
solution extremely difficult, if possible at all, due to mitted w due to a gi ven i m p U ise may be calculated, 
the complicated manner in which the resistance changes 



C - 0.006 x io-' 


with frequency or wave shape. For this reason, the 
calculations and curves have been made with (r) as a 
constant value of 100 ohms. This has not led to any 



Fig. 16— r — 100, L = 0.002, Z i = 50, Z, — 400, 

C = 0.0005 X 10-° 

large error, except where za is 50 ohms. Figs. 16 and 17 
show cases where this applies. If (r) is considered as a 
constant of 100 ohms e x " approaches 1.5 times the inci¬ 
dent wave and e 2 ", 0.5 times as shown by the curves. 
Actually, ( r) reduces down to much less than one ohm 
when the slope of the wave is zero. Therefore, ei" and 
e/ both approach the incident wave as a limit. One is 
chiefly interested in the wave at the time the voltages 
are maximum which occurs at the front of the wave. 


tests were made, using the circuit shown at the top of 
Fig. 18. The results of these tests are tabulated in 
Table IV. The tested waves are shown by the oscillo¬ 
grams in Figs. 19, 20, 21, and 22. These waves are 
reproduced by curves below the oscillograms with the 
calculated voltages shown by points plotted on the 
curves. 

The tests shown in Fig. 19 represent an impulse 



0 io 20 30 40 50 0 10 20 30 40 50 



0 10 20 30 40 50 0 10 20 30 40 SO 

Fig. 17—r - 100, L = 0.002, Z, = 50, Z 2 = 50, 

C = 0.0005 X 10-* 

striking a reactor with the transmitted wave passing 
into a line of 600 ohms surge impedance. The tests 
shown by Fig. 20 are of the same nature except that the 
reactor is shunted "by a resistor of 1200 ohms. These 
two tests are tabulated as Tests 1 and 2 in Table IV. 


TABLE IV 
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They do not show any substantial difference in the 
transmitted wave although the resistor reduces the 
voltage 10 per cent. The chief value of the test is in 
showing how well the test checks with the calculation. 
Tests 3 and 4 represent an impulse striking a reactor 
at the end of an open ine. For the sake of brevity. 



Fig. 18 —Test Circuits 

A. Impulse generator 

B. Circuit under test 

the oscillograms are not shown. The wave transmitted 
through the reactor without a resistor is oscillatory 
and is 1.83 times the wave on the other side of the 
reactor. When the reactor is shunted with a 1200-ohm 


oscillatory and is only 13 per cent greater than on the 
other side. It will be seen from the calculated points 
plotted on Figs. 21 and 22, that the calculations agree 
closely with the tests. In Test 7, a thyrite resistor was 
used, having a resistance characteristic similar to that 
shown on Fig. 24. The transmitted wave was only 9 
per cent greater than the wave on the other side. 

Tests 8, 9, and 10 are similar to Tests 5, 6, and 7 
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Fio. 20— Impulse Tests on Reactor— With Shunt Resistor 

except that they’ represent several banks of trans- 
formers of the non-resonating type. The results of the 
test are very similar to those of Tests 5, 6, and 7. 



ft 2 =600 L-.002 

Rj»cg C 2 »0 

a>R 2 /L^xlO® 

£-.087x 10® (from Oscillogram) 

- From Oscillogram 
® Calculated Points 

Fig. 19— Impulse Tests on Reactor—No Shunt Resistor 

resistor, the transmitted wave is not oscillatory and is 
only 1.10 times that on the other side of the reactor. 
The circuit of this test represents a feeder disconnected 
at the generating station. It may or may not be closed 
at the substation. 

Tests 5, 6, and 7 represent an impulse striking a 
reactor in series with a transformer at the end of a 
line. The results of Tests 6 and 6 are shown in Figs. 
21 and 22. When the reactor is not shunted by a re¬ 
sistor the transmitted wave is oscillatory and is 63 per 
cent greater than the wave on the other side of the reac¬ 
tor, while with a 1200-ohm resistor, the wave is not 





Rj-m L -=.002 

Si*«> Cj- noosxKr* 

a* r/21=027x10* 

055x10* (from Oscillogram) 
w-Vl/LC f or ! «lxl 0 t 
- From Oscillogram 
0 Calculated Points 


Fig. 21— Impulse Tests on Reactor—No Shunt Resistor 


The purpose of the tests described above was to check, 
•the general method of calculating the voltage trans¬ 
mitted through a reactor, due to an impulse. A defi¬ 
nite total voltage (ei = Ei e- 81 ) was applied to the test 
circuit shown in the upper diagram of Fig. 18 and the 
transmitted voltage was calculated and measured. 
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Transmitted voltages may be computed either in 
terms of the incident voltage (if it is known) or in terms 
of the total voltage at the reactor. These equivalent 
relationships are given by Equation (S), Appendix I. 
In the case of these tests, the impulse did not enter the 
reactor from a line, but was discharged from a capacitor 
close to the reactor, so that there was no incident wave 
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Fig. 22—lMt*oi ( sK Tjbbth on Kkactor—Wjth Shunt Resistor 



Fig. 23—Impulse Tests with Transmission Line ’Top 

Tap: Open-circuited line 
Middle: Enactor In series with transformer 
Bottom: Reactor shunted by a resistor 


(in the sense that the word is usually used). For this 
reason, the computed voltages are given in terms of the 
total voltage at the reactor. The close agreement 
between these tests and calculations shows that the 
general method of calculation is correct. 


Tests* were made on a 5-mile length of a 66,000-volt 
transmission line under conditions similar to those for 
which Figs. 6, 7,12, and 13 apply. The results of these 
tests are shown by the oscillograms in Fig. 23. The 
points of interest in these oscillograms are: 

1. When the wave strikes the open end of the line, 
there is no oscillation. 

2. When it passes, at the end of the line, through a 
reactor into a capacitance to ground an oscillation of 
greater crest voltage than in the first test, occurs. 

3. When all the conditions are the same as in the 
second test, except that the reactor is shunted by a 
resistor, the oscillation is eliminated and the crest 
voltage is approximately the same as in the first test. 

VII. The Effect of a Resistor on the Internal 
Distribution of Voltage in a Reactor 

In Appendix III are given formulas for calculating 
the internal distribution of voltage in a reactor both 



Fig. 24—Voltage—Resistance Characteristic of Thyrite 


with and without a resistor in shunt. These formulas 
show that with no resistor, the distribution consists of a 
very complex oscillation superimposed on the linear 
distribution which represents the final state, but that 
with a properly chosen resistor, the oscillation is 
eliminated. 

Tests were made to determine the internal distribu¬ 
tion of voltage in a reactor of 0.002 henrys inductance 
with an applied wave of 50 kv. as follows: 

1. Reactor not shunted by a resistor. 

2. Reactor shunted by a 1000-ohm resistor with six 
intermediate points conn’ected to the corresponding 
intermediate points of the reactor. 

♦These tests were made by Messrs. McEachron and Goodwin 
on the Turners Falls transmission line in 1929. The line is de¬ 
scribed in their paper, Cathode Ray Oscillograph Study of Arti¬ 
ficial Lightning Surges on the Turners Falls Transmission Line, 
A .1. E. E. Trans., Vol. 48, July 1929, p. 963. 
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3. . Reactor shunted by a resistor having the charac¬ 
teristics shown in Fig. 24 and connected to intermediate 
points as noted under 2. 

The circuit used in these tests is shown by the lower 
diagram of Fig. 18. 

The results of the tests are shown in Figs. 25 and 26. 



Fig. 25—Oscillograms showing Internal Voltage Dis¬ 
tribution in Reactors 



Fig. 26—Effect op Tied-In Shunt Resistor on Internal 
Voltage Distribution 

The oscillograms in Fig. 25 give the voltage across the 
reactor and also the voltage from the bottom te rminal 
of the reactor to each of the points where the resistor 
vas connected to the reactor. They show that there is 
quite an appreciable internal oscillation when the reac¬ 
tor is not shunted by the resistor but that the oscilla¬ 
tion is eliminated when the reactor is shunted by the 
resistor. 


The curves shown in Fig. 26 have been plotted from 
points taken from these oscillograms. They show that 
the distribution of voltage across the reactor is much 
more uniform than it is in a non-shielded transformer. 
The reason for this is that the ratio of ground capaci¬ 
tance to series capacitance in a reactor is relatively 
small. The absence of a secondary winding and a core 
make the ground capacitance small while the series 
capacitance is comparatively large. The curves show 
that the distribution is more nearly uniform with the 
reactor shunted by a resistor than it is with the reactor 
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Fio. 27 —Networks op Periodic Sections 

A. General impedances 

B. Reactor with tied-in resistor units 


not shunted. The resistor thus reduces the internal 
voltage stresses in the reactor by the elimination of the 
oscillations and making the voltage distribution more 
uniform. 

VIII. Conclusions 

The following general conclusions can be drawn from 
the calculations and tests: 

1. If an impulse passes into a circuit as shown in 
Fig. 4, where z% is very high or infinite, an oscillation 
results which gives rise to voltages which approach four 
times the incident voltage as a limit. These oscilla¬ 
tions are entirely eliminated by shunting the reactor 
with a resistance approximately equal to the surge im¬ 
pedance Zu Then the voltage rise is due to reflection 
and- in the limit approaches two times the incident 
voltage. 

2. If z 2 is not higher than z h no oscillations will 
occur, and the transmitted voltage will be equal to or 
lower than the incident wave. Here the advantage of 
the resistor is in lowering the reflected voltage on 
the line side of the reactor. In order to do this effec¬ 
tively, the resistance should be equal to or lower than 
the surge impedance (z L ) of the line. Then the reflected 
voltage, will be very low and the maximum voltage on 
either side of the reactor will not be substantially greater 
than the incident voltage. 

3. If a substantial voltage occurs across a reactor 
(due to an oscillation or to the reactor acting as a re¬ 
flection point); the transient voltage that the line or 
bus has to stand as a result of the disturbance, is always 
reduced by shunting the reactor with a resistance of the 
propervalue. Conversely,ifshuntingthereactorwiththe 
proper resistance does not reduce the transient voltage 
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that the line or bus has to stand, then it is because 
these transients are of such low frequency or such 
sloping wave fronts that they do not produce an appre¬ 
ciable voltage across the reactor. 

Summary 

In general, through the use of a shunting resistor 
of proper value, three beneficial results are obtained: 

(a) Oscillations are completely eliminated, thereby 
limiting the maximum voltage which can occur on the 
bus to never more than twice that of the incident wave. 

(b) The initial rise in voltage on the line side of the 
reactor, due to positive reflections, is reduced and can 
be held down to the final value corresponding to the tail 
of an infinite rectangular incident wave, (c) The 
internal oscillations in the reactor itself can be elimi¬ 
nated, and the voltage distribution improved. The 
extent to which these improvements can be realized 
under a wide range of possible operating conditions is 
discussed and illustrated in this paper. With some 
combinations the improvements are very great, while 
for others, there is no appreciable gain. The criterion 
for utilization of shunt resistors is,—will the elimination 
of oscillations and the reduction of positive reflections, 
under the most unfavorable possible operating condition 
which can be experienced on a given system, be worth 
the cost? 

General Discussion 

There are two essential conditions to be met in the 
design of shunt resistors for reactors. First, in order to 
give effective protection against lightning or other high- 
potential surges, the resistance should not be more than 
400 ohms for overhead lines or 50 ohms for underground 
cables. Second, the resistor must not overheat when 
the reactor it is used with is undergoing short-circuit. 

To meet the latter condition, a high resistance is nec¬ 
essary. The rate at which energy is absorbed by the 
resistor is P = E i /R where E is the voltage across the 
resistor and R is its resistance. Thus in a 13,800-volt 
circuit, the voltage^ across the reactor during short 
circuit is 13,800/V3 = 7980 volts, and if the r.eactor 
is for use with an underground cable, the resistor (in 
order to have maximum effectiveness in reducing 
transient voltages) should have a resistance of not over 
50 ohms. The energy absorbed would then be at the 

7980 2 

rate of gA ZTTK RK = 1274 kw- A resistor capable of 
50 X 1000 

absorbing so much energy without over-heating would 
be prohibitive in cost. For these reasons, a lower 
r esi s tan ce for high voltages than for low voltages is 
essential. For instance, if the resistance is 600 ohms 
with 7980 volts r. m. s. across it and 50 ohms for 35 kv. 
crest (which is approaching the danger zone for 13,8 kv. 
circuits) it has the proper characteristic for the above 
case. In Fig. 24 is given the voltage-resistance curve 
of the type of resistor used. It will be noted that it has 
the required characteristics. 

This investigation has treated only the effect of 


resistors upon voltages caused by impulses originating 
on a line and entering a bus system. High transient 
voltages may also originate on the bus itself, due to the 
interruption of a short-circuit. Such transients are 
trapped in the bus by the reactors in the outgoing 
feeders. By shunting each of these reactors with a 
resistor, a non-inductive path is provided for the escape 
of the energy of these voltages into the capacity of the 
feeders. The tendency for such a rise in voltage is thus 
materially reduced. 

Appendix I 

Relationships at a General Transition Point 
One of the most general types of transition points met 
with in transmission systems consists of a junction at 
which there is a general impedance network to ground 
Z g ip); and n transmission lines of surge impedances 

(zx,. ,z n ) joined through networks Zx (p) 

. Z n (p) respectively. Such a system is 

shown in Fig. 3. When an incident wave e x approach¬ 
ing along the line z x reaches the junction it will give 
rise to a wave e x reflected back on line z x ; transmitted 
waves e/, . . . . . , e„" on lines z 2 to z„ respectively; 
and a potential e at the junction. Now the total 
impedance at the end of Zi is 
Z 0 (p) — Zi ( p ) + Z ip) — Zxip) 


+ 


( 1 ) 


Zg (P) 


+ 


Z k + Z k (p) 


and the reflected potential wave on z x therefore is 4 


Cl' 


Zo ip) - Zj 




Zo (p) + Zx 

The total potential at the reflection point is 

The current transmitted across Z x ip) is 


( 2 ) 


(3) 


ix" = 


e x 


ex 


Zo (p) ■ Zo (p) + Zx 
The potential at the grounding impedance network is 
„ _ Zip) „ 2 ZJp) 


(4) 


e x 


(5) 


* - Zo ip) ~ Zo ip) + Zx 

and the current through Z„ ip) therefore is 

e . Zip) ex" 

%0 " Zjp) ~ Zo ip) Zg ip) 

2 Z (p) _ ex 

Zo ip) + Z\ Zg ^) 

The current and voltage waves transmitted to any 
line k (where 2 - k In) are 

e Zip) ex" 


( 6 ) 


ik" = 


Z h ip) + Zk 


2 Zjp) 

Zo ip) + Zx 


Zo (p) Zk ip) + Zk 
ex 


Zk ip) + Zk 


( 7 ) 





1172 


KIERSTEAD, RORDEN, AND BEWLEY 


Transactions A. 1. E. E. 


e k " = z k i k " = 1 M 


Zk «i" 


(p) Zjfc (p) + 2 ft 
= 2 Z(p) 


z k e i 


2 0 (P) + «l £ft (p) + z* ^ 

The potential drops across the lumped impedance 


networks are 

a = 2z t (p) 

2. (P) 61 X (p) + 2, 

gft = e- e / = 

•?fc (P) + Zft 


(9) 




Z* (p) 


Z.(P) 

2Z(p) 


Zk(p)+z k ~Z a (p) + 2l < 10 > 
The division of energy during the transition period at 
the junction furnishes a valid cheek in any specific case 
on the above relationships, and is of interest on its own 
account. At any time t, counting from the instant that 
the incident wave e x arrives at the junction, there is 
(dropping the p's for simplicity) 


co 


) d 1 = energy remaining in the inci¬ 
dent wave ( 11 ) 


z i 




/ 


energy in the reflected wave 

( 12 ) 


e k 


" ( ~t ) d 1 = energy in wave transmitted to 
* line k ( 13 ) 


S 

o 

t 

f 


^7 ) d t — energy absorbed by impedance 

network Z k (p) ( 14 ) 

e ( ~z — energy absorbed by impedance 

network Z, (p) (15) 

Equating to the energy of the original incident wave, 
by the conservation of energy, 


0 t 


■J* ,, (-ir) < " < 17 > 

0 

Then, discarding the integrals, there is the general 
relationship 



+ Ei ( J lr) + e (~t) (18) 

Substituting throughout, in terms of e h from the 
previous equations of reflection and refraction, this 
expression reduces to an identity, thus proving that the 
reflection and refraction operators are consistent with 
the energy relationships. 

The above operational equations, when applied to an 
infinite rectangular incident wave e,, may be solved by 
the expansion theorem, or series expansion, or reference 
to a table of operational solutions. But when is any 
arbitrary time function, it must either be replaced by 
its operational equivalent, or else recourse made to 
Duhamel s theorem. Practially, the operational equiv¬ 
alents of only a relatively few simple functions have 
been tabulated; and the integrations required in an ap¬ 
plication of Duhamel’s theorem also limit the arbitrary 
functions to just about the same simple cases. 

However, the solution corresponding to 

e t = Ei e~ ul . ( 19 ) 

is usually easily effected by means of Heaviside's 
shifting theorem, 

/ (p) €~ nl 1 = €-<"/ (p - a) 1 ( 20 ) 

and then’an application of the expansion theorem. 

Now just as a curve may be approximated by a power 
series, or in the case of periodic functions by a trigono¬ 
metric series, so the possibility of an expansion in terms 
of exponentials may be assumed, and e, fitted by 


oo oo i 

* o 

t 

+ ?/ {*'(-£)+*(-£))« 

1 I 

+/*(-£-)"+ a«) 

# 0 

But the two terms involving e k may be combined as 


= / (0 = 2 A, € a > 1 ( 21 ) 

Then if the solution corresponding to Equation (19) 
is fi (f), that corresponding to Equation ( 21 ) is 

S (0 = 2 S, (Q (22) 

Since the parameters A, and a, may be real, imaginary, 
or complex, a damped oscillation component in the 
incident wave may be represented as 

A €~ at sin (&/+ c) = (^f) e< -«+»«- -• -m 

- A' 6 ~ a ' 1 - A" t~ a " 1 (23) 
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Usually, two terms of (21) suffice for the adequate 
description of the incident wave. The range is indi¬ 
cated in Fig. 5. More complex waves may be built 
up by the superposition of such solutions. 

Appendix II 

Equivalent Circuit of Lines, Reactors, and 
Terminal Apparatus 

It was pointed out in the main body of the paper that 
a transformer acts like a capacitance to ground as far 
as its effect on the behavior of traveling waves is con¬ 
cerned. The reactor unit consists of an inductance L 
having a series resistance r (due principally to skin 
effect) and a shunt resistance R. In addition there are 
the distributed capacitances along the stack and to 
ground, leakage currents to ground, and mutual 
inductance; but the comparison of calculations and tests 
show that these latter circuit constants may be neg¬ 
lected in computing phenomena external to the reactor 
unit itself. However, the distribution of potential 
inside the coil stack of the reactor is greatly influenced 
by the distributed capacitances, in the same way as in 
transformers, and is the subject of Appendix III. 

The equivalent circuit is shown in Fig. 4, where the 
incident wave e t is approaching the junction along 
line z„ When this incident wave reaches the junction 
a part will be reflected back to the line z u as a 
reflected wave ei and a part will pass through the pro¬ 
tecting reactor as a transmitted or refracted wave ei'. 
The analysis is a special case of that in Appendix I. 

The generalized terminal impedance at the junction is 

Z 0 (p) * Z x ( p) + Z(p) - f + 1 + % C~p 

(1) 

By Equations (2) and (6) of Appendix I, 

Z„ (p) - zi _ (It - zi) p 2 + A p + B 
Z„ (p) + Z\ (R + Zi) p 2 + 2 a p -b co„ 2 

- reflection operator * (2) 

2 Z{p) _ p + F 

Zo (p) + Zt C (It H- zi) p 2 + 2 a p 4- 03„- ■' 

- refraction operator (3) 

where 

- (K + Zi + g;;) L + (r R + r Zi + ft Zi) z 2 C 
2 (R + zi) z»LC 

„ _ (zi + z») (r 4- ft) + r ft 

"•* (RT+Ti)z<.LC 

CO = j n *= V CO a 2 — a 2 

A (R — Zi + z») L + (r R — r zi — Rzi) z t C 

A ~ (R - zO z 2 LC 

D (z 2 - zi) (r -b ft) -f r R 
a XR-~Zi)z7LC 


r + R 
L 


In Appendix I it was shown that solutions corre¬ 
sponding to a wide range of incident wave shape can be 
built up from the solution corresponding to an exponen¬ 
tial wave. Let this incident wave be given by 

6 X = Ei €~ al ( 4 ) 

where time is counted from the instant when the wave 
arrives at the junction. Applying the reflection and 
refraction operators of Equations (2) and (3) to (4) 
and using Heaviside’s shifting theorem, there is, after 


some simplification, 

«i' = * Ei er at + y Ei e~ al sin (co t + <t>) (5a) 

= x E l6 ~ al + Y Ei e-“'sinh (SU + $) (5b) 

= x Ei e-* + Ei e (W, e flt — W 2 e - ®) (5c) 

= reflected wave 

e/ - uEi €~ ai + v Ei e~ al sin (ao t + $) (6a) 

— u Ei e~ al + V Ei e ~°“ sinh (Q t -b SP) (6b) 

= u Ei e- al + Ei e -«* (Ji e™ - J 2 €““) (6c) 

= refracted wave 
where 

/ R — Zi \ / a 2 — a A + B \ 

V R -b Zi / \ co. 2 — 2 a a + a 2 • * 


Y t Rj^_zi \ _ V m 2 + re 2 _ 

y ~ j ~\ R + Zi ) (co. 2 — 2 a a + a 2 ) co ’ 

m - [(A — a — a.) (co,, 2 — 2 a a + a 2 ) 

— (a 2 — a A + B) (a — a)] 
n — co (co. 2 — 2 a a + a A — B) 

2 (F- a) 

u ~ C (R + zi) (co. 2 - 2 a a -b a 2 ) ’ 

V 2 V~k 2 +1 2 

®“ j ~ C (R + zi) (co. 2 — 2 a a + a 2 ) co ’ 

4 = j 'I' = tan -1 ( ~y~ ) = j tanhr 1 ( —) 

ft = [ co. 2 — a a — (a — a) F ] 
l = (a — F) co 

ft - g i (ire - j n) 

Wl ~ R + Zi 2 Q (co. 2 — 2 a a + a 2 ) 

_ ft ~ gt (m + j m) 

” R + Zi 2 a (co. 2 — < 2 a a + a 2 ) 

_ 1 _ (* - j l) _ 

Jl ~ C (R + zi) (co. 2 - 2 a a + a 2 ) 

. _ 1 _ (& + 3 A) _ 

Ji ~ C (ft + zi) ft (co. 2 - 2 a a + a 2 ) 
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The total voltage at the reactor is 

= 61 + e\ ( 7 ) 

The three separate expressions given in both Equa¬ 
tions (5) and (6) are mutually convertible through the 
relationships between the trigonometric, hyperbolic, 
and exponential functions of complex arguments. 
For computation, that expression is used for which the 
quantities are entirely real. Now when the q uan tities 
are entirely real in (5b) they are also entirely real in 
(5c), but the latter is the more convenient formula to 
use when m and n are close together. In fact, some 
of the calculations of this paper were .made with 
values of m and n so near together as to make the use 
of Equation (5b) quite impossible. The same argu¬ 
ment applies to Equations (6b) and (6c). 

From the above equations it is evident that a simple 
exponential incident wave striking the junction gives 
rise, in both the reflected and transmitted waves, to 
an exactly similar wave plus a damped oscillation. 
This damped oscillation has a frequency and decrement 
factor depending on every circuit constant present. 
In the case that ( a 2 > w„ 2 ) the oscillation ceases to 
exist, and the component degenerates to simple ex¬ 
ponential decay. 

The amplitude factors (x, y, u, v), the instantaneous 
maximums, the frequency / = co/2 x, and the dis¬ 
placement angles 4> and \f/ have been tabulated for 
different conditions in Tables II, III, and IV of the 
paper. As a check on such computations it is worth 
observing from the previous equation, that (making 
t = 0) 

x + y&.n<l> = x + Y sinh = - p ~ — - (&) 

R + Zi w 

u + v sin \f/ = u + V sinh ^ = 0 ( 9 ) 

These conditions are also evident from physical 
considerations; for at the first instant the inductance 
acts as an open circuit and the capacitance as a short 
circuit to ground. Therefore at this first instant the 
potential at the capacitance must be zero, and ex' 
reflects as from a line grounded through a resistor R. 

Owing to their transcendental character, the instan¬ 
taneous maxima of Equations (5) or (6) Cannot be found’ 
except by trial or graphically. However, the maximum 
amplitude of the damped oscillations are readily ob¬ 
tained by differentiating with respect to t and equating 
to zero. These maxima occur at 


‘‘“HrO“-- 5 --*) 

'*■■” Hr ( tan "‘ —*) 

and the maxima of the oscillations are 


Obviously, they cannot exceed (y Ex) and (»£,) 
respectively, but approach these limiting values as 
a ■> 0. 

From the energy relationships of Appendix I the 
location of the energy at any time t is found to be (using 
the solution for the oscillatory case): 

j ( e 0 * dt ="2^7 

o 

= energy in incident wave (14) 

00 

* lt e -“ 

t 

= energy remaining at time t (15) 

*■' ‘ -it J it ‘ - vr (-ft-» -«■ 

(1 “ 6 ~ 2 “° + wJ+ co s [ sin ( 2 ) 

- e~ 2at sin^2coi + 2<f> - tan- 1 ^ J 

-e-^sin(o,f + ^- ta n- 1 ^)] . 

= energy in the reflected wave at time t (16) 

t 

< 1 -«-*■■> 

+ Ta (1 ~' e _a “>+ivrfrst®"! 2 -f-) 

- «- 2 «<sin(2 cot + 2*- tan" 1 ) J 


2_xy 

V{a + ay + co 2 


"Y d t = 


E x * f u 


2¥( 1 -- 2 “‘) 


_ 2uv _ 

a/ (<* + a ) ! + co 2 


; |jsin(^ 


- tan - 1 «± 


— e-(«+«»sintan _1 5Ldl_^^ J , 

= energy in the transmitted wave at time t (17) 

ITT C C 

~ 2 ~ Ei*-^-[ue~ a, +v 6-«<sin(<o f+ 1^)] 2 

= energy stored in the capacitor at time t (18) 

The difference between the energy in the initial wave 
and the sum of the above is the energy absorbed by the 
reactor unit, 

Wx = W-(Wx+ Wi + + W„) 

= energy absorbed by reactor ( 19 ) 
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Appendix III 

Distribution of Potential in a Reactor 
Consider the circuit of Fig. 27a consisting of (n — 1) 
similar sections of series elements Zi and shunt ele¬ 
ments Z 2 , closed by an impedance Z 3 , and supplied by 
a potential e through an impedance Z 0 . 

Applying Kirchoff’s Laws to the kth section there is 
Z\ik + Zt (it — ik+i) — Zi (ik-i — ik ) = 0 (1) 

This is a “difference” equation as distinguished from 
the differential equation to which it reduces when the 
elements are taken infinitesimally close together. The 
general exponential may be assumed to satisfy either, 
so that 

i k ~A& + Be->* (2) 

Substituting (2) in (1) and simplifying 
(Zj + 2 Zi-Zi e x — Zi e -x ) (A e* x + B «=-* x ) = 0 (3) 

.'. (e x - e- x ) = 2 cosh A - ( 2 + -fj- ) (4) 

For the Oth section 

e = Z 0 io + Zi (i 0 — ii) = A (Z„ + Z 2 — Zi e x ) 

+ B(Z 0 + Zi- Ze~') (5) 

and for the last, or «th section 

0 = Zi in + Zi (in — in- 1) = A (Z 3 + Zi — Zi 6 -X ) e' ,x 
+ B (Z 3 + Zi — Zi € x ) € -« x (6) 

Solving (5) and (6) simultaneously for the integra¬ 
tion constants A and B, and simplifying 
A - 

_ 0.5 [Z» ± Zj (1 - e x )] €-" x e __ 

-Zi* sinh(«-2) \+(2 Z 2 2 +Z 2 Z 0 +Z 2 Z 3 )sinh(n-l)A 

— (Z^ + Zi Z» + Zi Z 3 + Z t Zz) sinh n A 

(7) 

B = 

_ - 0.5 [Zz + Zj(l- e~ x )] e+” x 6 _ 

— Zi* sinh(%—2)A+ (2 Z 2 *+Z 2 Z 0 +Z 2 Z 3 )sinh(n— 1) X 

— (Zi* -f- Zi Z Q -\- Zz Zi -4* Zo Zi) sinh n X 

( 8 ) 

The potential to ground at any Z 2 between sections 
(k — 1) and (k) is 

ek=Zi(i k -i-ik) =A Z 2 (e- x -l)c ix +B Z 2 (€ x -1) e~* x (9) 
A reactor shunted by a resistor tied in at regular 
intervals is acircuit consisting of the following constants: 

(a) Uniformly distributed self inductance L t 
=L/(n — 1) 

(b) Uniformly distributed capacitance to ground 
Ci = CJn 

(c) Uniformly distributed capacitance along the 
coil stack Ci = (n — 1) C, 

(d) Uniformly distributed series resistance r 

(e) Lumped resistor units tied in at regular intervals 
Rt = R/(n- 1) 

(f) Non-uniform distribution of mutual inductance 

M. 

Of these, the series resistance r is principally due to 


skin effect, and changes with the steepness of,the wave 
front and tail, or the frequency of oscillation. Tests 
indicate that it may be taken as of the order of 100 ohms 
for surges similar to those due to lighting. But when 
the shunt resistance is of the order used with the re¬ 
actors described in this paper, the effect of the series 
resistance may be neglected in comparison therewith. 
It will therefore be taken as r = 0 in this discussion. 
While the mutual inductance M has a definite influence 
on the distribution, its effect is not so pronounced 
as to justify its inclusion in the mathematics; for to do 
so, even under the most simplifying assumptions as 
to the flux paths, changes the order of the differential 
equation by two, and introduces a variable coefficient. 
These complications prohibit a solution except for 
open and grounded terminal conditions. For these 
reasons the mutual inductance between coils will be 
neglected. Finally, on the assumption that the number 
of sections is large, either the distributed inductance 
and capacitances may be lumped between tie-in points, 

. or the shunt resistance may be taken as a uniform dis¬ 
tribution tied in at differential intervals. Fig. 27 b 
applies, and e is taken as the actual voltage at the 
terminals, as sum of the incident and reflected waves. 
As previously discussed in Appendix II, this may be 
computed by considering the entire reactor unit as a 
lumped network. Then 

z • = °' = TcT 

7 _ RiLip __ ji _ 

" 5l " Ri Lx Cx p* + Lz v + Ri 1 + 2s C 3 p 

, . _ 1 __ Ri Li Ci p* _ 

cosn a — I + 2 Ri Li Ci p i + 2 Lx p + 2 Rx 

-(1 + TT + -J + -•■•) < ,0) 

Substituting Equations (7) and (8) into (9) for 
Z 0 = 0 there is 

(2 Zi + Z 3 ) sinh (w — fc) X . (1 — cosh X) 

6k ~ (2 Zi + Z 3 ) sinh (n — 1) X (1 — cosh X) 

— Zj cosh (to — lc) X sinh X 
— Zi cosh (n — 1) X sinh X e 4 

where X, Z 2 , and Z 3 have the values previously assigned. 
The initial distribution at t = 0 may be obtained from 
the above operational solution by substituting p = ». 
Then from Equation (10) 

% = X' =cosh- 1 (l + -^-) 

-cosh-[ 1+ 2n( , G :i) - c -] (12) 
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(2 Cg + C 2 ) sinh (to — k ) X' 
(2 C a + Ci) sinh (n — 1 ) X' 


f (C, X 2 S" + Cg) (2 R 2 =F j R C0 S ) — L X 2 s 2 ) I 
| (C s x 2 s 2 + C„) (K 2 =f j R w.) - L x 2 s 2 ) j 


+ 2 Ci cosh (w — fc) X' . sinh X' 

+ 2 Ci cosh (« — 1) X' . sinh X' ‘ e ^ 


This equation shows that the initial distribution 
depends only on the capacitances of the circuit. 

The final distribution, if e (t) becomes constant, is 
given by sub stitut ing p = 0. In this case, by Equation 
( 10 ), X = vTu C 2 p, and therefore 




(,n — k) -%/Z/i/Ca ~b Z 3 
(n — 1) s/Li/Ci -f- Z 3 


(14) 


This equation shows that the final distribution, is also 
independent of the shunt resistance R h and is a straight 
line. The only influence of the shunt resistance Ri is in 
controlling the transient between the initial and final 
states. 

In order to study the effect of the shunt resistance on 
the nature of the transition from the initial to the final 
states, it will be assumed that the number of sections is 
very large, and that the voltage is applied at one end 
with the other end grounded. It is then evident from 
Equation ( 10 ) that X -► 0 as n 0 , so that 


J_ (JR L C„ p 2 ) 

v? (R L C, p 2 H- L p -f* R) 



and Equation ( 11 ) reduces to 


_ sinh (w — k) X 
e k — e x — g . n k ^ — 1) X 


sinh <x x 
sinh <r 


(16) 


where x is the distance from the grounded end mea¬ 
sured as a fraction of the total winding length. 

If e = 1 , Equation (16) is solved by the expansion 
theorem 


£M Y(o) ^ Y(p) 6 * 
Z(p) 1 Z(o) + -Zl pZ'(p) 


(17) 


00 

Z (p) = sinh <r ■= <r | | ( 1 + ) (18) 

from which the roots of Z (p) = 0 are 

a = ±j its where s = (1,2,.) (19) 

From (IS) and (19) 

p = - x 2 s 2 =F j x s V 4 R? (C, x 2 s 2 + C g )/L - x 2 s 2 
2 R (C. x 2 s 2 ,+ C t ) ( 

= - a ( T } w, (20) 

From (18), (19), and (20) 

M >7/ / \ (p) d a 

v z <J>) -y— 


O 

“ =*= 3 ~q — (C, x 2 s 2 + Cg) . cosh j x s 


( 21 ) 

in which the outside (±) sign originated from (19) 
and is independent of the inside (±) sign, so that there 
are four combinations involved. Also 

cosh j x s = cos x s = (— l) s (22) ■ 

Y (p) = sinh a x = sinh (db ; x s x) = ± j sin (s x x) 

(23) 

Y ( 0 ) _ sinh a x 1 _ sinh a x ~J _ 

Z ( 0 ) sinh cr J “ sinh tr J ~ X ^ 24 ' 

p =0 a =0 

Substituting (20) to (24) in (17) and simplifying, there is 


„ _ „ , "S? 2 (- 1 )* C„ sin s x x 
e x -x + ^ Cg) 

S=ml 


€ 




COS 0 ) s t + 


7 r 2 s 2 sin co fl £ 


(25) 


2 ( C s Tr 2 s 2 C 0 ) co a 

when there is no resistor in shunt (R — 00 ) this reduces 
to 




= £ 


+ 2 


2 (— 1 )* C,, sin s x a; 

X S (Cg IT 2 S 2 + Cg) 


cos ca, t 


(26) 


. Thus the distribution consists of a very complex 
oscillation, superimposed on the linear distribution 
representing the final steady state. If R is large and 
C, is very small compared to C a , the frequencies of the 
first few time harmonics are 


f ‘~ 2 VL Cg 


(27) 


and the circuit behaves as though the series capaci¬ 
tances were absent. But the higher harmonics ap¬ 
proach the limiting frequency 


/ = 


1 

2 x VL~U, 


(28) 


so that the series capacitance predominates at higher 
frequencies. Any group of frequencies in the oscilla¬ 
tion may be suppressed by making 


R 2 < 


x 2 s 2 L 

4 (C, X 2 S 2 + Cg) 


(29) 


for that group. 

Comparing (25) and (26) it is evident that the effect 
of the shunt resistance is two-fold. First, it introduces 
a decrement factor a, which damps out any oscillations 
which are present; and second, it prohibits all frequen¬ 
cies for which (29) holds, so that the initial distribution 
tends to diffuse into the final distribution without 
oscillation. 


If the applied wave is other than infinite rectangular, 
the corresponding voltage distribution may be found 
from Duhamel's theorem 
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«* = E (o) . <j> (f) + j <t>(r)-^jE(t- T)dr (30) 

0 

where 4 > ( t ) is. the solution given by Equation (25) 
corresponding to an infinite d-c. voltage suddenly 
applied (Heaviside’s “unit function”); and E(t) is 
any arbitrary applied voltage function. 

If the applied wave is one of those of Fig. 5 

E (t) = E (€-<«— €-*) (31) 

then by Equations (25) and (30) 

oo 

e x = xE (e-*— € -w )+®2 ^3 gP E C„ a, sin s ir x 

1 


j a (a - 2a:,) _ b (6 - 2 a,) w 

I (a - a,) 2 + to. 2 (6 - a.) 2 + a), 2 


e (a , 2 + co, 2 ) / ... . a — a, \ 

-r — , , - {on? cos (co, t + tan -1 - I 

w, [co , 2 + (a — a,) 2 p \ co, / 


e (a, 2 + co, 2 ) 

CO. [co. 2 + (6 - a.m 

where 


cos 


(32) 


Ot 8 = 7T 2 S ? /2 i? (C 8 7T 2 S 2 + Cg) 

co, = V (2 a 8 R/L — a, 2 ) 
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Discussion 

F. J. Vogel s This paper is on a subject of great interest to us 
and it is interesting to see that its conclusions are generally 
similar to our own. The application of an ordinary resistance is 
very difficult. The example given by the author illustrates this 
point very forcibly. In practically all cases we have found that 
the use of an ordinary resistance was prohibited from the stand¬ 


point of its energy loss. However, it has also been realized that 
there was a great possibility of the reactor entering into oscilla¬ 
tion when at the end of a line and between the line and trans¬ 
formers and other 1 equipment. Under these circumstances we 
have felt it desirable and have recommended the use of lightning 
arresters which 'have served to practically short circuit the 
reactor when voltages above a predetermined value were reached. 

The resistor which is described in the paper has characteristics 
similarly tending to reduce the resistance as the voltage across 
the reactor goes up. We believe the two applications are very 
similar in character in so far as the net result obtained is con¬ 
cerned. We consider that the valve type lightning arrester 
has many decided advantages. It is not subject to any energy 
losses under any circumstances except when the voltage is in its 
discharge range. It is easy to apply since the arrester may be 
picked to have its cut off voltage at a reasonable value above the 
maximum voltage across the reactor under short circuit condi¬ 
tions. We believe these advantages make it preferable to. the 
use of a resistance material which: is permanently connected 
into the circuit. 

Where reactors are used as ties between systems and in many 
other applications, there is no tendency for the reactor to enter 
into oscillation with any other equipment in the system. In this 
case the application of either a resistance or a lightning arrester is 
unwarranted. These considerations have been the rule and 
guide which we have followed in the 1 application of reactors.. 

S. I. Oesterreiohers Shunting a reactor by resistance is a 
very live topic whenever or wherever such protective equipment 
is discussed. The authors of the paper who for years were the 
chief advocates of shunt resistors, leave us in a somewhat doubt¬ 
ful position by their criterion, which is, will the utilization of 
shunt resistors under the most unfavorable possible operating 
conditions be worth the cost? 

About fifteen years ago a number of reactors began to act in a 
rather embarrassing manner. Naturally we all were somewhat 
annoyed and tried to diagnose the symptoms as well as to apply 
a remedy. 

The remedy was most gratifying. We have produced a piece 
of apparatus which under the most severe operating conditions 
may be relied upon. However, this reliability does not depend 
upon shunt resistors but rather upon strong mechanical con¬ 
struction, large conductor cross section, and sufficient insulation, 
which are paramount. However, even after the reading of this 
paper, there is some optimism required to be convinced about the 
usefulness of shunt resistors. 

With this statement I do-not wish to reflect upon the merits of 
the paper. I believe the analytical part as to the manner in 
which the wave travels through the various inductances, capaci¬ 
tances, and resistances involved in the circuits through and 
around the reactors is a fine piece of work and the authors 
should be thanked for its publication. 

A claim is made that thyrite has all the required characteristics 
which a shunt resistor for a reactor should have. Why? Is 
there anything wrong with the present resistors? It is stated 
that thyrite is a material having characteristics somewhat 
similar to dry process porcelain. If that is so, and if such a shunt 
resistor is able to protect a reactor from dangerous oscillations, 
then we wish to thank the authors for telling us about this. We 
did not know that the 16, dry process porcelain shields we put in 
every one of our reactors act as shunt resistors. 

K. K. Palueff: In my paper Effect of Transient Voltage 
on Power Transformer Design 1 presented to the Institute in 
January, 1929, and in the later communication 2 presented in 
May of the same year, an attempt was made to direct the atten¬ 
tion of the reader to the dangerous overvoltages that may be 
produced in transformers due to the use of a small inductance, 
such as choke coil, reactor, or current transformer, when con- 

1. A. I, E. E. Quarterly Trans., Vol. 48, July 1929, p. 681. 

2. Ibid, p. 998 
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nected in series with power transformer and not shunted with 
resistance. (See Fig. 1.) The physical and mathematical 
relations governing the phenomena were established in the paper. 

It is gratifying to find that other investigators not only arrived 
at the same conclusions, but have developed a suitable resistor 
which eliminates the above mentioned oscillations, and thereby 
not only protects the reactor, but also the station apparatus. 
Since a reactor gives satisfactory service without resistor, the 
resistor should be looked upon primarily as a device protecting 
the more expensive part of the station equipment, as power 
transformers, busses, or generators, when the latter are con¬ 
nected directly to the lines. 

The authors should be complimented on the excellent mathe¬ 
matical analysis of the phenomena: Many formulas derived in 
the paper are of such general scope that they could be used in 
solving many other allied problems. 


square of the voltage across the reactor. On sustained short 
circuits of comparatively long duration, the shunting resistor 
becomes a serious hazard instead of a protection for the reactor. 

It is a well recognized principle that any protective device 
should be self-protecting in order to avoid the complications of 
auxiliary devices to protect the protective device. For general 
applications such as bus tie reactors and feeder reactors, it is 
often more economical to use additional clearances and high 
grade insulation to obtain reactors which will give an assurance 
of a high factor of safety against flashover. 

If the reactor is connected in series with expensive terminal 
apparatus which justifies the expense of a shunting device, a 
lightning arrester fulfills all requirements. 

When a reactor shunting device is required, it is very important 
that it possess the characteristics of a valve type arrester which 
acts as a shunt for high voltage only. 



Fig. 1 


I should like to call your attention to the fact that the equiva¬ 
lent circuit of an ordinary transformer, when the latter is sub¬ 
jected to steep front long wave excitation, undergoes a very 
radical evolution during the first few hundred microseconds. 
Three stages can be recognized in this evolution. 

For the first few microseconds, the transformer can be repre¬ 
sented by a pure capacitance. For the following period of one or 
two hundred microseconds, or even more, it acts as a complex 
network, consisting of distributed capacitances and inductances, 
with mutual inductance between various elementary inductances 
playing a prominent role in the phenomenon. After the oscilla¬ 
tion of this network dies out, the transformer equivalent circuit 
reaches its last stage in the evolution and becomes a pure induc¬ 
tance connected in series with resist anc e, 

R. B. George: In order to obtain effective protection against 
lightning or other high potential surges, relatively low shunting 
resistance is required which will result in power losses causing 
heating in the resistor. With constant value of resistance the 
losses in the shunting resistor are directly proportional to the 


F. H. Kierstead: Referring to Mr. F. J. Vogel’s discussion 
of our paper we agree that there are isolated cases where it is 
more advantageous to shunt the reactor with a lightning arrester 
than with a resistor. Such cases occur when the system voltage 
is sustained across the reactor for a relatively long period. In 
general, however, this voltage is sustained during the period of a 
short circuit lasting for only a few seconds. For this reason, we 
have found resistors having the characteristic described in the 
paper (higher resistance for low voltage than for high voltage) 
are better suited to use in shunting reactors*than arresters. 

We believe that Mr. Vogel advocates a too limited use of 
resistors. We also believe that Mr.' S. Oesterreicher and Mr. 
R. B. George in assuming that the resistor is only a means of 
protecting the reactor from high voltage have overlooked its very 
broad field of usefulness. Therefore, a discussion of its field of 
application may be useful. Since it is relatively easy to design 
as simple a piece of apparatus as the reactor is, to stand the volt¬ 
ages it is subjected to in service j there is no justification for the use 
of resistors to protect the reactor from overvoltage. However, 
by shunting the reactor with a resistor the overvoltages that 
generators, transformers, station busses, current transformers, 
and other station equipment have to stand is materially reduced. 
In short, the system as a whole is protected by the resistor. 

Resistors are most necessary where the feeders entering the 
station are overhead, for the reason that lightning disturbances 
are most dangerous to station equipment. Underground feeders 
are not only shielded from lightning disturbances but also over¬ 
voltages which may arise on them are more rapidly damped out. 
Resistors are therefore not so necessary for use with underground 
feeders. Another feature which may determine whether or not 
resistors are to be used is whether or not a large number of dis¬ 
turbances is occurring on the system. By the use of resistors 
the voltage of the disturbances is reduced and therefore the 
number of failures occurring on the system will also be reduced. 









Effect of Transient Voltage on Power 
Transformer Design 

The Behavior of Transformers with Neutral Isolated or 
Grounded through an Impedance 
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Synopsis* I he results of theoretical and oscillographic study 
of transient voltage phenomena in shell type and core type trans¬ 
formers with neutral isolated from ground, and also with neutral 
grounded through impedances of different characlenstics are briefly 
described. 

fn the case of isolated neutral, the majority of lightning traveling 
waves cause the potential of the <mtiro winding, including neutral, 
to rise above ground to a value at least equal to the applied voltage. 

In the case of switching surges, the voltage of the neutral, as well as 
of the rest of the winding, is apt to rise to a value considerably in 
excess of the applied voltage. In the case of transformers excited 
with damped oscillations similar to smlching surges, oscillographic 
records of both shell and core type transformers indicate internal 
voltages to ground approximately four times the applied. 

(hounding of a transformer through resistance, inductance, or 
capacitance does not reduce the above internal transient voltages, 


imless a certain relation is established between these constants, the 
constants of the transformer circuit, and the wave shape of the line 
surge. 

If the proper relation of these constants is established, then inter¬ 
nal transient, voltages are reduced practically to those of a solidly 
grounded transformer. 

A grounding device, called an tl impedor, n can be designed to have 
impedance at operating frequency equal to any desired value and to 
act at transient voltage frequencies as if its impedance were prac¬ 
tically zero. An impedor can be designed for each transformer 
bank, or for a number of banks in parallel. 

A non-resonating transformer, if grounded through a suitable 
impedor, retains its uniform transient voltage distribution. 

During the last year and a half nearly 800,000 kv-a. of trans¬ 
formers of non-resonating type, have been built so that they can be 
operated ivith impedor in the neutral. 


Introduction 

HE effect of transients on design of power trans¬ 
formers operated with solidly grounded, neutral 
was described by the author in a preceding paper 
of the sam e general title. 3 

The present paper describes in a non-mathematical 
way the behavior of a transformer with neutral isolated 
or grounded through any impedance, when subjected 
to transient voltages, and shows the effect of this be¬ 
havior on transformer design. 

While the majority of existing, very high voltage 
power transformers are operated with the neutral 
solidly grounded, there appeared recently a demand for 
grounding neutrals through inductance or resistance. 
This demand is stimulated by the desire to limit the 
harmful effect of excessive current flowing through the 
neutral in case of accidental one-wire or two-wire 
ground. 

It has been shown 1 that the harmful effect of neutral 
current can be more effectively minimized by quicken¬ 
ing switching operations and by improving relaying 
methods, than by insertion of an impedance between 
neutral and ground. However, these better methods 
are in a state of development, while grounding through 
a resistance or an inductance can be done successfully 
at the present time. It is expected therefore that for 
the time being a certain use will be made of impedance 
in the neutral of some strategically located banks in 

♦General Electric Company, Pittsfield, Mass. 

3. For references see Bibliography. 

Presented at the North Eastern District Meeting of the A. I. E. E., 
Springfield, Mass., May 7-10,19S0. 


systems suffering from excessive short circuit neutral 
currents. 

Part 1. Principles Governing Transient 
Phenomena 

It is assumed that the reader is already familiar with 
the preceding paper 1 of the author; therefore the prin¬ 
cipal laws governing transient voltage phenomena will 
be described here very briefly. 

Equivalent Circuit 

At operating frequency many pieces of electrical 
apparatus act practically as pure inductance, capaci¬ 
tance, or resistance, hut at high frequency, such as that 
produced by lightning, switching, and other distur¬ 
bances, they behave as complex networks composed of 
elementary inductances, capacitances, and resistances 
distributed in a manner characteristic of the given piece 
of apparatus. 

As has been shown in previous publications a » 3 > 4 the 
character of internal oscillations depends principally 

on values of and or y 1. - -j— J whereJ?. is 

capacitance between adjacent elements, C g is capaci¬ 
tance between the elements and ground, M is mut ual 
inductance between adjacent elements, and L their self- 
inductance. 

C. J M u 

and ^ have minimum values in a transmis- 

sion line and maximum in a transformer. 
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Examples of various equivalent circuits are given in 
Fig. 1. Resistance is neglected. The wavy line stands 
for self-inductance of an element of the winding. The 
loop stands for the mutual inductance between adjacent 
elements of the winding. For example, circuit No. 5 
represents a winding having three turns per coil with 
high mutual inductance between the turns, and rather 
small mutual inductance between coils. 

Generally a circuit exactly equivalent to a given 
piece of apparatus is extremely complicated and is 


-wnAruy CHARACTERISTICS 
(D T&6 -j-Cq ^Cg j C G L and Cg distributed 

■gj andp negligible 
L and C G lumped 
SI are r ne S(igible 



T (one turn per coil) 


and-^between coils negligible 
-I?!-Xfo T<k T C G but between turns appreciable 


L M 


m l m l m 


^ (three turns per coil) 
L 

‘ * 5 lumped 


L and C 6 

® TtT c * TCc g Tec 


between coils appreciable 
(one turn per coil) 


Therefore the transient is the readjustment of local 
potentials from their initial to their final values. 

Initial and Final Voltage Distribution Produced 
by Infinitely Long Traveling Wave of 
Rectangular Front 

Case I. When the equivalent circuit consists of pure 
inductances connected in series with pure capacitances 
in any sequence, then at the instant of sudden 
voltage application the terminal voltage distributes 
between inductances in direct proportion to their 
values, while voltage across all capacitances is zero. 
Since an infinitely long traveling wave acts as a constant 
voltage, the terminal voltage finally distributes itself 
between capacitances inversely to their values, and the 
voltage across inductances becomes zero. 

Case II. When the equivalent circuit consists of an 
unbroken chain of condensers in parallel with an un¬ 
broken chain of inductances, both extending from one 
terminal of the circuit to the other and interconnected 
at different points either directly or through condensers 
or inductances, then the initial voltage distribution'is 
controlled by the capacitance part of the circuit and 
final voltage distribution by the inductance part of the 
circuit, (see Figs. 1 and 2). 



5 u-M L M IM L 1 

prW 

J J L and C c lumped 

A Jig 

and— between coils 

"q and turns appreciable 

. G (three turns per coil) 

^ L and C G distributed 

Cg ?i and r appreciable 


rc 6 °' s tcJ* 

(Cg Cs = 

M 

rwm# jTBpTiTOiroTli toUTCm 

WOTOrfl 

®TC C Cs ' TCc k TCe & 1 


M 3 

QQQOQQQOQOQOC 
1- II- - 

roouoooow >000000000 


^ L and Cq distributed 

C(j |j and ><* 

® to 

II II 

Cg Cs tCg (js 

=Cg £ J 


Fia. 1 —Spectrum* of High-Frequency Equivalent Circuit 

employed only where an accurate numerical relation of 
various phases of the transient phenomena cannot be 
established without it. However, if it is desired to 
describe only some particular transient voltage charac¬ 
teristics a simplified equivalent circuit may be of 
assistance. To give a general idea of the behavior of 
transformers under certain transient conditions, the 
simplified circuit (Fig. 1) is found sufficiently accurate. 
This simplified circuit is quite unsatisfactory, however, 
for numerical analysis of transient phenomena because 
in actual, transformers each coil acts as a chain of 
condensers, made up of capacitances of adjacent turns, 
While Fig. 1 is based on the assumption that coils act as 
solid metal plates. 

Conditions Necessary for a Transient 
A circuit will pass through a transient, state if the 
distribution of voltage in this circuit at the moment 
immediately following a sudden application of potential 
E is different from one that finally takes place after E 
has been maintained for an infinite length of time. 


Type of Transient 

As was pointed out before, all circuits met with in 
practise consist of inductance, capacitance, and re¬ 
sistance. If, however, the effect of inductance or 
capacitance is small enough to be neglected, then the 
transient is unidirectional and non-oscillatory. During 



Fig. 2—Oscillation of Two Elementary Circuits Con¬ 
nected in Series Due to Infinite Rectangular Wave 
Excitation 

the transient the potential of any point of the circuit 
with respect to either terminal changes by an amount 
equal to the difference between its initial and final 
value; the rate of change depends on the time constant 

of the circuit ( —or R C ). 

In case the resistance can be neglected and the circuit 
contains both inductance and capacitance, the transient 
will be oscillatory and two conditions will be possible. 
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Condition I. When the oscillation takes place as if 
all the inductances of the system were lumped together 
and all capacitances were lumped together, the oscilla¬ 
tion is of a single frequency and is determined by the 
product L C, where L and C are the effective lumped 
inductance and capacitance respectively (Fig. 2). 

The amplitude of oscillation of various points is eq ual 
to the difference between their initial and final potential. 
Close examination of the figure reveals all the above 
characteristics. 

Condition II. When inductance and capacitance 
cannot be separated and then lumped in “effective” L 
and C, but must remain distributed, the oscillation of 
various points of the circuit is complex and may consist 
of a number of frequencies which depend on distributed 
constants. The amplitude of oscillation of each point 
depends, as before, on the difference between the initial 
and final voltage distribution but is not necessarily 
equal to it, following a more complex law, due to the fact 
that the difference between the initial and final voltage 
of any given point is a vector ^um of the amplitudes of 
oscillation at that point of all frequencies composing 
the oscillation. 2 ’ 3 


turns between these -points and the neutral. (F. 
Fig. 3.) 

Referring to A of Fig. 3, since the initial and final 
voltage distributions are ' different, the voltage 
throughout the winding will readjust itself from the 
initial to the final value through a complex oscillation. 
The line of final voltage distribution will serve as line of 
equilibrium or axis for the oscillation. The amplitude 

Ordinary Transformer Non • Resonating 



Part "2. Transformer with Neutral Isolated 

LlGHTNINg . 3BB%S ' * 

Traveling waves due to lightning are produced on the 
three phases of a transmission line simultaneously but 
are usually of . different amMitude. Were the ampli¬ 
tudes of these waves equal, each transformer would act 
as if it were disconnected from the other two and the 
oscillation itself would become simpler. In such a 
case the internal oscillation of the transformers will 
be a maximum and higher than that which usually 
occurs. For these reasons we shall discuss the phe¬ 
nomena on the assumption that a transformer bank is 
subjected to three equal traveling waves. 

In ordinary power transformers, either of shell or 
of core type, the initial voltage a distribution produced 
by a steep front of a traveling wpe is practically the 
same whether the neutral is solidly grounded or isolated. 
This occurs because at the first instant voltage concen¬ 
trates across the line end of the winding, and the drop 
across a considerable part of the winding near the 
neutral end is only a few per cent of the total applied 
voltage. Obviously, grounding or isolating the neutral 
can have only negligible effect on the initial distribution. 

The final voltage distribution in a transformer with 
isolated neutral, however, is radically different from 
that of a transformer with grounded neutral. The 
effect of the traveling wave on the transformer, after 
the crest value of voltage is reached and maintained, is 
similar to direct current. Therefore all points of an 
isolated winding finally acquire a potential above 
ground equal to the terminal voltage, (A, Fig. 3), while 
if the neutral of a winding were grounded the final 
voltage of various points would be proportional to 
















Fig. 3—Summary of Effect of Variation of Neutral Im¬ 
pedance from Zero to Infinity on Internal Transient 
Voltages in an Ordinary and a Non-Resonating jj Trans¬ 
former Produced by Traveling Waves Met in Service 


-initial voltage distribution 

--—envelope of maximum voltage to ground 

•..final voltage distribution 

Shaded areas indicate the range in variation of voltages due to internal 
oscillation with increase of neutral impedance from zero to infinity 
• u A & G —neutral isolated 
• & Q —neutral grounded directly 

neutral grounded through impedor 
The rii|!$pder grounded as shown 

■ ’f< • 


of the oscillation of each point will depend on the 
difference between the initial and final potential of 
this point. 

The initial voltage distribution curve, when referred 
to the line of equilibrium, gives the initial voltage 
distortion curve, which consists of a number of space 
harmonics (in terms of the length of the winding stack). 
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These space harmonics are of various time frequencies 
so that the composite amplitude of oscillation below the 
line of equilibrium is generally not equal to maximum 
composite amplitude of the same point above the line 
of equilibrium. 



0 20 40 60 80 100 

c£*f PERCENT winding length GROUND 
END * END 

Fig. 4 Winding Space Harmonics op Transformer 
with Isolated Neutral at the Instant op Impact op the 
Traveling Wave 

1. Initial voltage distortion curve (obtained from Curve 1, Fig. 2 of 
Lightning Studies of Transformers by the Cathode Ray Oscillograph, by F. F. 
Brand and K. K. Palueff, by referring it to its line of equilibrium of 100 
per cent)' 

2, 3, 4 t and 5 are first, third, fifth, and seventh space harmonics of curve 1 


voltage axis to the hundred per cent point and held there, 
then at the initial moment, the spring would bend in a 
curve similar to the initial voltage distribution, (curve 
No. 1). A moment later it would begin to move toward 
the line of final state (curve No. 2) and on account of 
inertia would overshoot it. After it reaches a certain 
position beyond the final, somewhat similar to curve 
No. 3, it would start again toward the final position. 
The oscillation finally would die out and position of the 
spring would coincide with line 2. 

Similarity between the oscillation of a spring and 
of simultaneous voltages along a winding, while super¬ 
ficial, is sufficient to assist in the description of the 
phenomena. (The relationship between space har- 
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Fig. 5—Oscillations in a Shell Type Transformer with 
Isolated Neutral 

1—Volt&ge at line terminal 

2, 3, 4, and 5 are voltages-to-ground at points 75, 50, 25, 0 per cent away 
from neutral terminal with crest values of 158, 190, 204, 180 per cent of 
applied voltage respectively. Note all voltages recorded below zero Hne 
are taken with reversed polarity 

On Fig. 4 the initial voltage distortion curve is shown 
as well as the first few space harmonics composing it. 8 

Referring once again to A of Fig. 3, imagine a very- 
elastic solenoidal spring laid along line L AT. If end L, 
firmly gripped, is moved sufficiently suddenly along the 


Fig. 6 Oscillation in a Core Type Transformer with 
Isolated Neutral 

1— Voltage at line terminal 

2— Voltage to ground at 50 per cent point with crest value of 182 per cent 

3— Voltage to ground at neutral with crest value of 167 per cent 

monies and their frequencies is so radically different in 
a Spring and in a transformer that mathematical repre¬ 
sentation of the oscillation in the two cases is essentially 
different.) 

On Pig. 5 voltage oscillations at four points of a shell 
type transformer winding are shown. Note that the 
line voltage (that is, the final voltage) serves as an axis 
for all points, as was predicted. This is particularly 
evident on the bottom half of the oscillogram where line 
voltage, the voltage of the 50 per cent point, and that of 
the neutral are recorded with reversed polarity and 
properly superimposed. On Fig. 6 similar voltage 
oscillations at two points of a core type transformer 
winding are shown. 

Curves 3 and 4 of Fig. 7 give the maximum voltage to 
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ground at various points of windings of these trans¬ 
formers obtained from oscillograms of Figs. 5 and 6 and 
of some others not shown in the paper. 

Switching Surges 

The importance of switching transients is often 
underestimated due to the fact that the amplitude of 
the average switching transient is about half of that 
of the lightning wave but, as was pointed out in the 
previous paper, the switching transient is a damped 



Fig. 7—Voltage-to-Ground in Shell and Core Type 
Transformers Due to Lightning and Switching Tran¬ 
sients. (Test) 

X & 2—Initial voltage distribution 

3 & 4—Maximum voltage-to-ground due to lightning 

5 & 6—Maximum voltage-to-ground due to switching 

(1, 3, & 5 refer to shell type—2, 4, & 6 refer to core type transformers) 

7— Estimated voltages met in practise, due to lightning 

8— Estimated voltages met in practise, due to switching 

oscillation (see Fig. 8) and produces forced or cumula¬ 
tive oscillations in transformer windings. This means 


of Fig. 7). The result is that the absolute values of 
internal stresses produced by an average lightning or 
switching transient are very nearly the same. (Curves 
7 and 8 of Fig. 7.) 

The high ratio between applied and internal voltages, 
as shown by curves 5 and 6 of Fig. 7, is a result of 
resonance between the frequency of the switching surge 
applied and the natural frequency (or one of its har¬ 
monics) of the transformer winding. It may appear 
that the probability of such a coincidence is too small 
to be considered as one of service conditions. However, 
elementary calculations show that a very high ratio 
between applied and internal voltages can be created 
with the frequency of the applied surge some 40 per 
cent higher or lower than the natural frequency (or oiie 
of its harmonics) of the winding. Curve 5, for instance, 
was obtained with 20 per cent difference between the 
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Fig. 8—Oscillogram Showing Energizing a 132-Kv. Line 

of 70 Mr. 

Oscillograph was stationed at approximately midpoint of line. Note 
complexity of the wave shape 


applied frequency and the fundamental natural fre¬ 
quency of the transformer. As an ordinary transformer 
may have as many as eleven natural frequencies (and 
these frequencies are different for different transformers) 
it appears more probable than not, that with transmis¬ 
sion systems being as complicated as they are, many 
switching operations produce surges of dangerous 
frequencies. 

In actual service, the traveling waves due to a given 
lightning discharge are very rarely of the same ampli¬ 
tude on all three phases, and the switching surges are 
never simultaneous. The effect is that two out of three 


that amplitudes of internal oscillations increase with transformers of a star connected bank tend to bring 
each succeeding half of a cycle of the switching tran- down the potential of the neutral ofthe transformer sub- 


sient (see Fig. 9). Thus while the terminal potential is jected to the highest surge. Curves 7 and 8 of Fig. 7 
reduced to half in comparison with lightning distur- were drawn on this basis with average applied li g h tni ng 
bances, the internal voltages, if expressed in per cent of voltage taken as 100 per cent and average switching 
terminal voltage, are at least doubled (curves 5 and 6 voltage as 50 per cent. 
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Effect on Transformer Design 

The obvious conclusion is that in the case of trans- 
formers operating with isolated neutral, the entire 
winding must be insulated for line voltage. This means 
that the winding must be capable of withstanding a 



Fig, 9 Oscillograms op Voltages in a Shell Type Trans¬ 
former Produced by Damped Oscillations Similar to 
Switching 

1—"V oltage at the line terminal 

2, 3, 4, and 5 are voltages to ground at points 75, 60, 26, and 0 per cent 
away from neutral terminal, with crest values of 218, 373, 400, 364 per cent 
of applied voltage, respectively 

high potential test of at least 3.46 times normal operat- 
ing voltage from line to neutral (so-called “leg voltage”). 

Part 3. Neutral Grounded through 
Impedance 

A. Neutral Grounded through Resistance 
Infinitely Long Traveling Wave 

.Two essentially different transients take, place when 
a transformer grounded through resistance is subjected 
to a traveling wave. One transient is exponential and 
is governed by the transformer acting as a pure induc¬ 
tance while the neutral resistance and the surge im¬ 
pedance of the line act as pure resistances. The other 
transient is the oscillation of the transformer winding 
as described for the circuit of Fig. 1. 


Exponential Transient 

The equivalent circuit for the exponential transient 
is shown on B of Fig. 10. Z is the surge impedance of 
the transmission line, Li the inductance of the trans¬ 
former, and Rn the neutral resistance. 

At the instant immediately following the impact of 
the traveling wave of E. volts, 2 E appears across Li. 
The final voltage across Li is zero. The final voltage 

R 

across R N is = 2 E X ^ -|- N R N • Thus with suf¬ 
ficiently long traveling wave, transient voltage across 

R 

jRn rises exponentially from zero to 2 Ex —;=—^— 

A + f?N 

at a rate depending on — „ —= — . 

& -t-#N 


High Frequency 



Fig. 10—Approximate Equivalent Circuits por High and 
Low Frequency Components op Transformer Oscillations 
for Transformers Grounded through Different Imped ances 

A—Isolated neutral 

K » L—Solidly grounded neutral 

Internal Winding Transient 

It was shown in a preceding paper that since the 
surge impedance of transmission lines is of the order of 
a few hundred ohms its effect on internal transformer 
oscillations can be neglected. The equivalent circuit 
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for internal oscillations therefore is as shown on Fig. 10. 

The initial distribution in a transformer grounded 
through resistance is the same as in a solidly grounded 
transformer. 

With the neutral isolated, the winding poten¬ 
tial rises, under the influence of a traveling 
wave, above applied voltage. The rate of this 
rise depends on natural frequencies of the wind- 



Fig. 11—Effect of Magnitude of Neutral Resistance on 
Internal Transients of. Transformers. (Test) 

1— Initial voltage distribution 

2, 3, 4, 5, 6, 7—Maximum voltages to ground for different resistances 
in the neutral 

2— R « o (Solidly grounded neutral) 

3— R » 500 ohm 

4— R *= 5,000 ohm 
5~R = 25,000 ohm 

6— R « 100,000 ohm 

7— R » Infinite (Neutral isolated) 

ing. With neutral grounded through resistance the 
rate of rise of its potential depends on —„ — . If 

6 + JCVN 

this rate is higher than that for isolated neutral the 
presence of resistance has practically no effect on 
maximum voltages to ground throughout the winding 
created by the oscillation. If it is lower, the presence 
of resistance tends to lower these voltages. The effect 


is greatest at the neutral point; the effect near line end 
is small. Thus the slower the exponential transient 
the more the transformer acts as if its neutral were 
solidly grounded. 

The maximum voltages to ground produced by waves 
of the same length but with transformer grounded 
through different neutral resistances were studied with 
the oscillograph on a 6600-kv-a. core type transformer 
and results are shown in Fig. 11. Note that voltage 
distribution with 500-ohm resistance in the neutral is 
the same as with solidly grounded neutral, while with 
100,000-ohm resistance the voltage is practically the 
same as with neutral isolated. 

Finite Traveling Wave 

As the final voltage of the exponential transient is 
■6/n = 2 E X z + R N ’ Z of tlie or der of 300 
ohms, an appreciable voltage may finally appear at the 



Fig. 12 Relation Between Neutral Resistance and 
Length op Traveling Wave Necessary to Raise Neutral 
Voltage to 33 Per Cent op the Voltage op the Traveling 
Wave. (Calculated) 

neutral if the traveling wave is sufficiently long. Just 

R 

what fraction of 2 E ~z^Tr^~ a £> ven wave will pro¬ 
duce depends on the ratio of the length of the wave and 

the rate of the transient - Thus with a 

6 ■+• /in 

given length of the wave it is possible to limit the 
voltage at the neutral to any desired fraction of 

jRn . 

2 E z + Rx ky choosing B N of the proper value. 

Curve of Fig. 12 shows the relation between the 
length of the traveling wave and the neutral resistance, 
which gives an ultimate neutral voltage of 0.33 E for 
the case of Z = 300 ohms, and L T = 0.2 henry or 0.04 
henry. (The inductance of a large power transformer 
will usually have a value between 0.04 and 0.2 henry.) 
The length of the wave causing an ultimate voltage 
of 0.33 E with a given resistance varies in direct 
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proportion to inductance. The principal features of the 
transient, with resistance in the neutral, are shown by 
B of Fig. 3. 

In practise the conclusions given above must be 
modified where ground resistors are metallic, as they 
may consist of many hundreds and sometimes thousands 
of feet of conductor. While the inductance of such 
devices can perhaps be neglected at operating fre¬ 
quencies, it cannot be neglected under transient condi¬ 
tions caused by lightning or switching surges and 



rium about which the oscillations of the neutral were 
actually taking place, as shown by oscillograms of 
Fig. 13. 

The coincidence of the dots with the curve confirms 
the theory of oscillation of the neutral when grounded 
through inductance. 

It must be realized that Lr, the transformer in¬ 
ductance, depends on three conditions: first, the 
number of transformers of a given bank that are si¬ 
multaneously subjected to a given surge; second, 
whether other windings are connected in delta or star; 
third, the high-frequency characteristics of the network 
connected to all windings. For example, when all 
three transformers of star delta bank are struck, say by 
lightning, L T is equal- to one-third of the short circuit 
inductance of one transformer. In case one trans¬ 
former is struck, say by a switching surge, L T is the 
open circuit inductance if other windings are discon¬ 
nected from their networks. In the first case, a neutral 


Fig. 13 —Effect of Inductance on Neutral Oscillations 
1, 2, 3, 4, 6, & 6—Voltages at line terminal 

1 A, 2 A, 3 A, 4 A, 6 A, 6 A —Voltages neutral to ground with different 
ratios of neutral inductance to transformer inductance 

Lut 

Ratio jr • r 

Z»N + JjT 


consideration of grounding through such resistances 
must take into account the conclusions reached in the 
next part of the paper. 

B. Neutral Grounded through Inductance 
Infinitely Long Traveling Wave 
With a transformer grounded through an inductance 
the initial voltage distribution will be the same as in the,, 
case of a solidly grounded transformer and the final \Fig. 14- 

L n v 

voltage at the neutral will be En = E X ~j — T~r — X—nm* 

L/n "T L/t lated— do 



NEUTRAL INDUCTANCE IN PERCENT OF 
TOTAL INDUCTANCE-100^ 

-Effect of Neutral Inductance on Transient 
Voltage from Neutral to. Ground 


(E is the voltage applied between line terminal and 
ground, Ln and Lt are neutral and transformer in¬ 
ductances respectively.) Thus the axis of transformer 
internal oscillation is a straight line connecting the 
potential of the line terminal with the final potential 
En- of the neutral terminal. (See C of Fig. 3.) On 
Fig. 14 curve 1 gives maximum voltage En max between 

Ln 

neutral and ground as a function of -j— obtained by 

scaling oscillograms of Fig. 13. Curve 2 gives the 
final voltage En at the neutral calculated by the above 
formula. Dots on this curve are the points of equilib¬ 


\—Line of equilibrium for voltage oscillations at the neutral. (Calcu¬ 
lated—dots represent tested data obtained from oscillograms Fig. 13) 
2\Maximum voltage of neutral to ground that could be expected in 
servi& 

3—Maximum voltage of neutral to ground (Test data) 


inductJtace of 5 per cent (based on rated kv-a. of one 
transformer of the bank) will cause transient voltage 
at the neutral of the order of the applied voltage, if the 
transformer short circuit inductance is, say 10.5 per 


cent, became then 


Ln 

Ln + Lt 


5 

5 + 3.5 


= 0.59 and 


from Fig. 14 En max. equals 1.18 E. Still higher 
voltage will \ppear with greater neutral inductance. 
For instance with inductances of 100 per cent (based 
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again on rated kv-a. of one transformer of the bank), 
which is the order of magnitude of the Peterson coil, 

Ln 100 _ _ 

L n + Lt = 100 + 3.5 = °- 97 and En max - e( l uals 

1.94 E. 

Finite Traveling Wave 
The neutral voltage will not reach the above values 
in case the length of the wave is less than half of the 
period of oscillation of the neutral.® 

C. Neutral Grounded through Capacitance 
Infinitely Long Traveling Wave 
The initial voltage distribution along a transformer 
winding grounded through capacitance is the same as in 
a solidly grounded transformer. 

The final voltage at the neutral is equal to 
the applied voltage E, because with a constant 
voltage suddenly applied and maintained across 
the terminals of the circuit, the voltage across 
the capacitance will start to oscillate in very 
much the same manner as if the transformer 
winding were a pure inductance. That is the voltage 



Fig. 15—Oscillation of Neutral Voltage with Condenser 
in the Neutral of the Transformer 

1 —Voltage at line terminal 

1 A —Voltage from neutral to ground 

across the capacitance beginning with zero, will oscillate 
with amplitude equal to the applied voltage E about a 
point of equilibrium E volts above ground (see Fig. 15). 
Neglecting the surge impedance of the line, the fre- 

1 

quency of the oscillation is / = ~ = - -= • ■ (Lt 

Z 7T V Ijt 

is transformer inductance, and Cn is neutral capacitance 
provided Cn is big enough in comparison with trans¬ 
former electrostatic capacitance.) After the oscillation 
dies out the voltage across the capacitance becomes E. 

In addition to this oscillation the entire winding will 
oscillate similarly to previous cases, at its natural 
frequencies. As in the case of a transformer grounded 
through resistance, the line end of the axis of the internal 
oscillation will remain at the hundred per cent point. 
But contrary to the case of neuljral resistance the 
neutral end of the axis will tend to oscillate at frequency 
/. Whether it will succeed or not depends on the ratio 
of the fundamental natural frequency of the trans¬ 


forma- with neutral isolated and the frequency, /, of 
the neutral grounded through capacitance. The 
smaller of the two dominates the phenomena. Since 
the internal transient is a damped oscillation the posi¬ 
tion of its axis is of importance' (as far as the effect of 
this oscillation is concerned) only for the period t 
microseconds, at the end of which the amplitude of 
internal oscillation reduces below dangerous value. In 
case C N is big enough to control the frequency at the 
neutral, and this frequency is such that at the end of t 
microseconds the neutral voltage rises to only a small 
fraction of the applied voltage, the internal oscillation 
will be practically identical with that of a solidly 
grounded transformer. If this frequency is so high 
that at a small fraction of t microseconds the voltage of 
the neutral reaches a value comparable with the applied 
voltage, the transformer oscillation will approach that 
of a transformer with isolated neutral. The envelopes 
of maximum voltages to ground occurring during t 
microseconds for various values of neutral capacitance 
are similar in appearance to curves of Fig. 11. 

In case the neutral frequency / is so low that the 
transformer winding oscillates practically as if it were 
grounded for the period of t microseconds, the voltages 
of all points of the winding will oscillate after t micro¬ 
seconds, at frequency /. The axis of the latter oscilla¬ 
tion will be a horizontal line drawn through the point 
corresponding to the applied voltage E, and the entire 
winding will oscillate as a perfectly rigid rod with the 
line end remaining stationary at E volts above ground 
and the neutral end oscillating between zero and 
2 E volts. 

Finite Traveling Wave 

In practise the traveling waves are finite and the 
voltages at different points of the transformer winding 
depend not only on the just mentioned relations but 
also on the relation of the length of the wave, the 
fundamental natural frequency of the transformer, and 
the frequency / of the neutral. 

The relation between the length of the wave and the 
internal transformer oscillations was described in a 
preceding paper.® Fig. 16 shows the relation between 
ma.Timmn neutral voltage and the ratio of the length of 
traveling wave to period of f. Therefore it is possible 
by a proper choice of the neutral capacitance to make 
transformers behave under finite traveling wave excita¬ 
tion as if they were solidly grounded. 

D. Neutral Grounded through Impedor 

It was found by various investigators that the short 
circuit neutral current can be reduced to a safe value 
by grounding some of the transformer banks of a 
system through either resistance or reactance. 

The ohmic values of the grounding resistance or 
r ea c tanc e depend on system characteristics and, 
naturally, vary over quite a wide range. The order of 
magnitude of maximum resistance, however, is not 
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expected'to exceed 300 to 400 ohms. In. most of the 
cases, values below a hundred ohms were found to be 
satisfactory at large substations; the maximum value of 
neutral reactance (Peterson Coil) is of order of 100 per 
cent and the minimum is probably 5 per cent (both 
based on capacity of one phase of the sub-station). 
These values if expressed in henrys are somewhere 
between 0.01 and 2.0 henrys. 

With resistance of the above order of magnitude only 



Fig. 16—Relation between Maximum Voltage from 
Neutral to Ground, and the Ratio of Length of the 
Applied Wave to the Natural Period of the Neutral 
Oscillation. (Single Frequency Oscillation) 

1— For rectangular wave 

2— For triangular wave 

the very long traveling waves and switching transients 
arejcapable of raising the voltage at the neutral to a 
considerable fraction of the applied voltage. Fig. 17 
indicates that waves of many hundreds of microseconds 
in length must be of comparatively low amplitude to be 
able to propagate along a transmission line without 
arcing over its insulators. In such a case, the neutral 
potential, while it may rise to an appreciable fraction of 
the applied voltage, is proportionately lower in its 
absolute value. Since voltage resonance between 
transformer and the neutral resistance is physically 
impossible, it appears that with resistance of not more 
than some 30 or 40 ohms the neutral potential under 
lightning or switching transient excitation will not 
exceed some 20 per cent of the impulse arc-over of a 
given transmission line insulation. 

It was found that in most of the cases reactance in 
the neutral is preferable to resistance. Unfortunately, 
the desirable values of the neutral reactance are gen¬ 
erally such that the transient neutral potential would 
necessarily rise to dangerous magnitudes under most 
voltage disturbances. 

Furthermore, during switching out operations, when 
breaking single- or two-phase ground shorts, sudden 


rupturing of the neutral current may produce an 
“inductive kick” of a very destructive magnitude. 
The inductive kick of a neutral reactor is usually, more 
severe than that of a transformer because the neutral 
reactor is generally of air core type and the residual 
magnetism, reducing the magnetic kick in a trans¬ 
former, is absent. 

As was shown, the neutral transient voltage is pro- 
portional to —f —j . The selection of the values 

i/N T A'T 

of and L? cannot, however, be governed by transient 
voltage considerations, but must depend entirely on 
operating frequency requirements. This makes special 
measures necessary when it is desired to keep the rise of 
neutral transient voltage below values which would be 
attained with only inductance L N between the neutral 
and ground. 

Careful consideration of all aspects of the problem 
makes it appear that the most satisfactory means of 
controlling neutral transient voltage is an addition of 
capacitance and resistance in shunt with the inductance. 
The capacitance and resistance are so selected that on 



Fig. 17—Relation between Arc-over Voltage op a String 
op Insulators and Length op Traveling Wave 

one hand,, the neutral voltage does not rise above a 
specified fraction of the applied voltage regardless of 
the type of the line transient, and on the other hand, 
the impedance of such a grounding device at operating 
frequency is equal to the desired value. In addition the 
rate of rise of neutral potential, produced by any surge, 
is made so slow in comparison with the natural fre^ 
quency of the transformer that the transformer winding 
oscillates as if it were solidly grounded. It is suggested 
to call the above device an impedor. 

Under short circuit the operating frequency neutral 
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voltage rises to a certain value e t depending on the ratio 
of the neutral reactance to the transformer reactance 
and the reactance of the rest of the system. For this 
reason e x is chosen as a criterion for the selection of the 
constants of the impedor. They are chosen so that 
equivalent transient stresses do not exceed 2 e u which 
is the value of the high potential test that the impedor 
and the neutral end of the transformer must be sub¬ 
jected to, if their operating voltage is e x . Fig. 18 shows 
the relation between the operating frequency voltage 



Fig. 18—Operating Frequency Voltage and Current 
of Neutral Reactors for Line to Ground Fault, with 
Various Ratios of Generator to Transformer Capacity 

* Solid lines—generator reactance equals 20 per cent (Steam turbine) 
Dottod lines—generator reactance equals 35 per cent (Hydro turbine) 
Transformer reactance in both cases equals 10 per cent 
Ratios given on the curves are ratios of generator capacity to trans¬ 
former capacity 

and current of a neutral impedor as function of its 
reactance for various ratios of kv-a. generating capacity 
of the station to the kv-a. capacity of the transformer 
bank involved in a single-phase short-circuit. 
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design a shield which would give' initial distribution as 
a straight horizontal line would mean to secure infinite 
capacitance between the shield and the winding, which, 
of course, is impossible. However, the neutral capaci¬ 
tance may be so chosen that for the finite waves which 
are found in practise the neutral will remain sub¬ 
stantially at ground potential, and thus the initial and 
final voltage distributions will coincide and the trans¬ 
former will not oscillate. To prevent the possibility of 
resonance between the neutral capacitance and the 
inductance of the transformer as a whole under oscilla¬ 
tory transient, a resistance is placed in shunt with the 
capacitance. Under such conditions the transient 
voltage distribution along the winding will be uniform 
Since impedance of such an impedor at operating 
frequency can be made very high, the transformer may 
be made to act at operating frequency as if its neutral 
were isolated. 

A bank of non-resonating transformers, if designed 
with insulation of the neutral sufficient to withstand the 
dynamic voltage rise of the neutral, could, in most 
cases, be grounded through a pure resistance (i. e., non- • 



Fig, 19—Impedor for'Bank of (3) 40,000-Kv-a. 220-Kv. 
Transformers 


PALUEFF: TRANSIENT VOLTAGE PHENOMENA 


Part 4. Impedor with Non-Resonating inductive) of 30 to 40 ohms and act even under severe 
Transformer transient voltages practically as if they were solidly 

A non-resonating transformer which is designed for grounded, 
solidly grounded neutral when grounded through When it is desired not only to retain the non-resonat- 
ordinary resistance or capacitance oscillates very much ing characteristics but also to keep the neutral voltage 
like an ordinary transformer, as shown diagrammati- £ N 

cally on Fig. 3. It does so because, while its “initial” below E - j - —> under transient conditions, an 

voltage distribution is a straight line, similar to the N / 

voltage distribution of a non-resonating transformer impedor is designed to hold the neutral voltage and its 
with solidly grounded neutral, it does not coincide with rate of rise below a specified value for the longest 
its “final” voltage distribution which is the same traveling wave possible in practise, 
horizontal line as that of an ordinary transformer. To During the last year and a half nearly 800,000 kv-a. 
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of transformers of non-resonating type, have been built 
so that they can be operated with impedor in the 
neutral. 

Conclusions 
Ordinary Transformers 
It has been shown in previous papers that the insula¬ 
tion of ordinary transformers, with solidly grounded 
neutral, should not be graded in the order of the normal 
frequency voltage stress to ground, due to the presence 
under transient voltage stress of high voltages to ground 
along a major portion of the winding from line toward 
the neutral. The insulation immediately adjacent to 
the neutral terminal (say-the last 10 per cent) and the 
neutral bushing itself may be of lower insulation 
strength. 

In this paper it is shown that: 

1. Where the neutral is not solidly grounded but is 
grounded through inductance, the insulation of the 
whole of the winding and neutral bushing must be equal 
to that of the line terminal. 

2. Where the neutral is grounded through resistance, 
if this resistance exceeds 300 to 400 ohms per trans¬ 
former bank, the insulation of the whole of the winding* 
and neutral bushing should be equal to that of the line 
terminal. For lower values of resistance, the insulation 
of the neutral bushing may be reduced depending on the 
dynamic rise of neutral voltage and the transformer 
high-frequency characteristics. 

3. Where the neutral is grounded through an 
impedor of proper characteristics, the neutral bushing 
and the insulation between neutral end of the winding 
and ground may be reduced depending on the dynamic 
rise of the neutral voltage, but the insulation between 
the rest of the winding and ground and low voltage 
winding cannot be graded. 

Non-Resonating Transformers 

1. Where the neutral is solidly grounded the insula¬ 
tion from line terminal to neutral can be graded in the 
order of the normal frequency voltage stress. 

2. Ground'ng the neutral through an inductance is 
not permissible with a non-resonating transformer of 
the construction described in the papers referred to. 

3. Grounding the neutral through a resistance not 
exceeding 30 or 40 ohms is permissible with non-resonat¬ 
ing transformers. The insulation of the winding may 
be graded in the order of the fall of voltage from line 
terminal to the neutral under the maximum value of 
dynamic neutral voltage rise. For higher values of 
resistance, a capacitance shunt across the ground 
resistance must be used. 

4. Grounding the neutral through an impedor of 
proper characteristics is permissible with non-resonat¬ 
ing transformers. The insulation of the winding may 
be graded in the order of the fall of voltage from line 
terminal to the neutral under the maximum value of 
dynamic neutral voltage rise. The impedor may 
consist of: 


(a) A combination of resistance and capacitance. 

(b) A combination of resistance, capacitance, and 
inductance, when the latter is required by short circuit 
considerations. 

The author wishes to express his indebtedness to 
Mr. J. H. Hagenguth for his assistance with tests and 
calculation of curves, and to Messrs. A. N. Garin and 

S. T. Martin for editing the paper during the author’s 
absence. 
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Discussion 

J. K. Hodnettei In an investigation of the nature of tha t 
conducted by Mr. Palueff, it is necessary to make certain assump¬ 
tions. Some of the assumptions made by Mr. Palueff do not 
appear correct and it is desired to substitute more logical ones 
and compare the results obtained. 

This refers particularly to Part 2 of the author’s text, Trans¬ 
former with Neutral Isolated. It is evident from the descriptive 
matter and from the oscillograms reproduced in the paper that 
the author has assumed an extremely long wave as being repre¬ 
sentative of a lightning wave. The statement is made that the 
effect of such a wave is similar to that of direct current, which in 
itself is correct, but it is incorrect to construe such a wave as 
being representative of a lightning wave. Recently published 
data 1 giving the result of many tests in the held indicate that the 
maximum length of lightning surges expected in service probably 
would not exceed 60 microseconds to half value and the most 
rapid rise was about one microsecond to maximum value. Such 
a wave, which could easily be reproduced in the laboratory, 
would be representative of the most severe conditions with regard 
to stresses in transformers expected from any lightning surges. 
A wave of this character was used in obtaining the following 
test results. 

Fig. 1 of this discussion compares the initial voltage distribu¬ 
tion obtained by Mr. Palueff in a shell type and a core type 
transformer with the distribution in 30,000-lcv-a. shell type 
transformer of modern design. The initial distribution is a 
function of electrostatic circuit of the transformer, or a function 
of proportions of the transformer. The author intimates that 
these curves are representative of the initial distribution in shell 
and core type transformers in general. Fig. 1 illustrates the 
error that would be introduced by making such a generalization. 

Fig. 2 of this discussion shows the maximum voltage to ground 
in the transformers by oscillation. Curves 1 and 2 are reproduced 
from the author’s curves Fig. 7, which were taken from the 
oscillograms of Figs. 5 and 6. It is to be noted that the author 
has used the extremely long wave in producing these oscillations. 
The amplitude of the oscillations depends upon the initial dis¬ 
tortion, the length of the wave, and the natural period of the 
transformer. Under these conditions high percentage of over- 
voltage woul d naturally be expected. Curve 3 of Fig. 2 shows 

1. Symposium on Lightning Investigations , see p. 857. 



July 1930 


PALUEFF: TRANSIENT VOLTAGE PHENOMENA 


1191 


the maximum voltage to ground in a 25,000-kv-a. isolated 
xleutral transformer produced by the 60-microsecond surge. 
Note that the maximum voltage is 74 per cent as compared to 
240 per cent by Curve 2. Had the author made his experiments 
with a wave comparable to a lightning wave his results would 
have been more of the order of Curve 3. In view of these facts 
I cannot see how the author justifies Curves 5, 6, and 7 of Fig. 7 
as test values of the maximum voltage to ground due to lightning. 



Fig. 1—Initial Voltage Distribution 


1. Mr. Palueff’s shell type transformer 

2. Mr. Palueff’s core type transformer 

3. 30,000-kv-a, shell type transformer (test) 


In the preliminary conclusions for ordinary transformers the 
statement is made that the grading of insulation in a solidly 
grounded neutral transformer in the order of the normal fre¬ 
quency stress is not permissible. The author gives no data to 
substantiate that conclusion but refers to previous papers for 
proof. In these papers he has proceeded with the same assump- 



Fig. 2—Internal Voltages to Ground in Transformers 
Due to Lightning Transients 


1. Mr. Palueff's shell type transformer (extremely long rectangular 


wave) 

2. Mr. Palueff’s core type transformer (extremely long rectangular 
wave) 

3. 25,000-kv-a. shell type transformer with 60-microsecond impressed 
surge (test) 


tions made here, that is, that a lightning wave is extremely long, 
an obviously incorrect assumption. On the contrary, an analysis 
of the stresses in transformer windings 2 based on lightning surges, 
both in magnitude and shape, and coordinated with field and 
laboratory tests on the transmission insulation, has shown 
clearly that the grading of insulation is a permissible practise. 

2. The Effect of Surges on Transformer Windings , J. K. Hodnette, 
A. I. E. E. Quarterly Tbans., Jan. 1930, p. 68. 


Referring to the author’s text on switching surges, it would be 
of interest to know the source of information for the statement 
that the amplitude of the average switching transient is about 
half of that of the lightning wave. Many data have been ob¬ 
tained in recent years on the amplitude of switching surges. 8 
These data taken on many systems indicate that surges as high 
as 4.5 times normal are rare and occur on but few of the systems. 
The average switching surge based on these data would probably 
not exceed one and one-half times normal. Also most switching 
transients were recorded unidirectional, or the attenuation was so 
rapid that only one crest occurred above normal voltage. This is 
illustrated by the author’s Fig. 8 where the decay is from ,4.5 
times normal to about 1.5 times normal in the first cycle or a 
decrease of 65 to 70 per cent. 

The author, however, disregarded this fact in representing 
a switching transient for his experiments by a damped oscillation 



Fig. 3 


which has a decrement of about 25 per cent. Fig. 3 of this 
discussion shows the forced oscillations in the 25,000-kv-a. shell 
type transformer above produced by a damped oscillation having 
a 45 per cent decrement. Practically exact resonance exists 
between the applied voltage and the transformer oscillations 
whereas the author’s oscillograms, Fig. 9, were taken with a 20 
per cent discrepancy from resonance. Even with this dis¬ 
crepancy the maximum voltage in the first case is less than one- 
half that of the latter. Had the author used a more rapidly 
decaying oscillation, such as Fig. 8, the internal voltages would 
have been greatly reduced. 

Sufficient data are not available at present for drawing 

3. Klydonograph Surge Investigations, J. H. Oox, P. H. McAuley, and 
L. G. Huggins, A. I. E. E. Tbans., Vol. 46, 1927, p. 315. Symposium on 
Surge Voltage Investigation , A. I. E. E. Quarterly Tbans., Oct. 1928, pp. 
1111-1154 
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conclusions as to the intensity of stress setup by switching tran¬ 
sients. Failures of transformers from this type of transient.are 
practically unknown, which is the true criterion for the sufficiency 
of the design or therelative intensity of the stress. Therefore, until 
more conclusive data are presented, it appears that the author’s 
conclusions are drawn from insufficient evidence! 

F. 3. Vogels I should like to refer to Mr. Palueff’s Fig. 11. 
In common with his other curves he has assumed a definite VinH 
. b| fktning surge. This has been a surge which has been of 
infinite length. We also have taken test data using the surge 
winch we have assumed to be more representative of actual 
lightning conditions than the surge which he has picked. Fig. 4 
shows oscillations with different values of resistance at the 



impulse voltage flashovers for insulators. It is unnecessary to go 
into that except to state that there are considerable data pub¬ 
lished by Mr. J. J. Torok for a 60-microsecond wave. That is 
the only point we can check on the author’s curve, Fig. 17. 
Torok’s data practically show no impulse factor whatever, 
whereas the author shows a considerable impulse factor for a 
60-microsecond wave. This means that the author is estimating 
on a higher voltage due to long waves than we are. This differ- 
ence is quite considerable. 

Mr. Hodnette has discussed the preface to the conclusions. 
The second conclusion is also already covered. I wish to make 
an addition to the third conclusion and that is, that either an 
lmpedor such as the author has worked out or other protective 
means will give very nearly the same results as the solidly 
grounded neutral. 

I wish also to state that under these conditions graded insula¬ 
tion is permissible, which is a direct contradiction to this part of 
the conclusion. 

J* H. Hagen£uth: It probably will be of interest to show the 
agreement between calculation and test results of oscillations in 
an ordinary transformer winding, the neutral of which was 
directly grounded. In a paper by Messrs. F. F. Brand and 
K. K. Palueff (A. I. E. E. Quarterly Trans. Vol. 48, 1929, 
p. 1005), Fig. 15, was shown a series of curves which were 
obtained from oscillograms. Fig. 5 of this discussion shows 


Fig. 4 

1— J? * CO 

2— J? *3 100,000 ohms 

3— R ** 25,000 ohms 

4— R - 11,000 ohms 

5— R 5,000 ohms 

6— Tt =» 460 ohms 

toeutral. Curve 6 shows practically the same results that Mr 
Palueff has given. Comparison of the other values would be 
& ( A per J oent versus 171 P® cent for approximately 100,000 
ohms; and also, 40 per cent versus 126 per cent, for 25,000 ohms 
^Contmumg, we^note on page 1185, the first paragraph, second 
.column, that the voltage distribution with 500 ohm resistance 
j the neutral is the same as with solidly grounded neutral.” 
jw e are very much inclined to agree. However, on page 1188 and 
m .the conclusions, he makes quite different statements I 
believe that he cannot justify these latter statements on the 
basis on which they are calculated. They are calculated from the 
data given under the heading “Finite Traveling Wave ” He has 
assumed a certain value of L T . He estimated the time necessary 
to reach the final distribution, using this value of L T . If this is 
followed to its conclusion, you will find the current large which 
means there would be iron losses and magnetization. The 
effect of the iron on X T cannot be neglected. i T will be far from 
a constant during the first part of the surge and at times very 

* rge ' t ? at reason - Jus test data are much more valuable 
than what he has obtained from his calculations. 

Figs. 13 and 14 are again made by assuming infinitely lone 
waves which the author was not actually able to obtain. Fur- 
tner, there is not an exact comparison between Figs. 13 and 14 
because the data given.under 2a, 4a, and 5a and the points on the 

T* Correspolld - Good correspondence with the 

calculated values was not actually obtained. 

„ T h ® re is ’ j n tte I iterature published by different Westinghouse 
and General Electric' Company engineers, a discrepancy in the 



-—" vv A v ifi, CALCULATED) 

0 Initial voltage distribution at Impact of traveling wave 

after a « if V ° ltaf56 distributi °“ throughout the winding 

after 3, 6, 12. and 18 microseconds. Dotted line represents envelone of 
maximum voltages, x indicates test valne envelope of 

similar curves which represent calculated values. The abscissa 
represents per cent winding, and ordinate the voltage at different 
points m per cent of applied voltage. The calculation is rela- 

lab ° ri0US - Curvo 0 presents the initial 
tage distribution due to impact of traveling wave and was 
obtained by test. It can also be calculated as has been shown 

S re r ; Th ?rT been analyzed int0 its ««• iTmoS 

h^ln r PeCt t0 the , me of final volte e e distribution. As has 
? shown previously, these harmonics do not oscillate at the 
frequency which their order indicates but at a higher order For 
instance, the second harmonie may oscillate at a frequency 
between 2% to 4 times the fundamental or even higher Bv 

STT* •*?. amP !i tUd6S ° f Cerent 

oies the 'vmding. when oscillating at their proper frequdn- 

dittrihir J T r ® latl0ns ’ as weU a® simultaneous voltage 
distributions, can be obtained. Simultaneous voltage distributions 
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are shown at 0, 3, 6, 12, and 18 microseconds. It should be 
noted how rapidly the change of voltage takes place. For 
instance, at the 30 per cent point the voltage increases from 15 
to + 78 per cent in six microseconds. The dotted curve repre¬ 
sents the envelope of maximum voltages which is not simultane¬ 
ous. In order to show the accuracy of the calculations a few 
points are plotted from actual oscillograph records. The 
greatest error is only 10 per cent, which is. not much considering 



Fig. 6—Volt-Time Characteristics ova Point 56.7% prom 
Neutral Due to a Single Traveling Wave 

Curve 1 oscillographic record 
Curve 2 calculated values 

the complexity of the transformer circuit for high-frequency 
phenomena. On Fig. 6 the volt-time characteristic for impulse 
waves of a single point is shown. Curve 1 is the oscillographic 
record. Curve 2 represents calculated values. The tested 
curve is slightly lower, which may be attributed to damping, but 
the close resemblance in almost every detail can be easily seen. 
The damping up to the first half cycle is almost negligible. It 
has not been taken care of at all in the calculations. The 
maximum rise at this point, 58 per cent from neutral, is 115 per 
cent. On Fig. 7 the voltage rise of the transformer neutral with 
neutral isolated and neutral grounded through capacitor is 
shown. Tlie great difference in time at which maximum occurs 
should be noted. When the neutral is isolated the maximum is 
reached in 25 microseconds; when grounded through the capaci¬ 
tor, in 180 microseconds. It has been shown in the paper that 
for all practical purposes the frequency of oscillation of the neutral 

can be calculated from the relations/ -- ~ , where 

2 7T V L C 

L is the equivalent reactance of transformer and neutral ground¬ 
ing device and C grounding capacitor. • 



Fig. 7—Voltage Rise op the Neutral Due to a Single 
Traveling Wave 

1. Neutral isolated 

2, Neutral grounded through capacitor 

1 A and 2 A are applied waves 

Frequency of the oscillator wave is 50,000 cycles 

To prove this point the rise of neutral voltage has been calcu¬ 
lated, taking in this case the short circuit reactance of the trans¬ 
former, which by the way represents the reactance of a bank of 
three 40,000-kv-a. transformers 220,000 7, and the capacitance 
in the neutral. 


The crosses on the film indicate calculated values and they 
check very closely the test results. 

It may be mentioned that there is a difference in the applied 
waves for the two conditions shown on Fig. 7, but the resulting 
voltage rises at the neutral can be compared. For Condition 1, 
i. e., neutral isolated, the maximum voltage at the neutral would 
be reached if the applied wave has a length of at least half of the 
natural period, which in this case is a rectangular wave of 25 
microseconds. It can be seen that up to 25 microseconds the two 
applied waves almost coincide, and therefore the comparison of 
the maximums is correct for the applied wave of condition 2. 
For a rectangular wave of 25 microseconds duration, the maxi¬ 
mum voltage at the neutral under condition 1 would be the same 
as for the very long wave shown on the figure, i. e., 164 per cent, 
while for condition 2 the maximum voltage would be 27 per cent 
instead of 92 per cent as for the applied wave 2 A. The capacitor 
used for this test was much smaller than would be used in service 
to permit the superposition of both conditions on one film, by 
decreasing the natural period and thereby increasing the neutral 
rise. 

A. McMorrisx In the design of these impedors, . the 
neutral grounding resistor or reactor used is determined by the 
operating frequency requirements. The problem is then to mod¬ 
ify the high-frequency characteristics of the installation, so that 
the transient voltage appearing at the neutral will be limited to a 
predetermined value and wave shape. 



Fig. 8—Effect of Impedor on Impulse Voltages at Neutral 
and Internal Points of Transformer Winding 

1 to —Neutral grounded through reactor 

6 to 10—Neutral grounded through impedor 

1 and 6—Applied wave 

2 and 7—Voltage at neutral 

3 and 8—Voltage at 75 per cent from neutral 

4 and 0—3 per cent from neutral 

5 and 10—13 per cent from neutral (obtained with reversed polarity) 

The oscillograms of Fig. 8 herewith show the voltages produced 
by a single traveling wave at the neutral and at several points of 
a transformer winding. The oscillograms on the left half of the 
figure were made with the neutral grounded through a reactor. 
The neutral voltage rises rapidly to a value even in excess of the 
applied voltage, and severe oscillations occur within the winding. 

The oscillograms on the right half of the figure were made with 
conditions the same, except that a capacitor was connected in 
parallel with the reactor. The neutral voltage rises gradually, 
and reaches only a small fraction of the applied voltage. No 
internal oscillations are forced in the windings of the transformer 
or reactor. The transformer behaves substantially the same 
as if it were solidly grounded. 
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°r \^ 6 , c ^ ,pac ^ tano ® required is a simple matter, and 
curves TTsinw H ^ m a short time b y the use of a set of design 
ZuZ\ W 7 l °; lrves of F ^- 9 herewith, the required 
to hi f,..I i n A° Can ^ j Un< ^ w ben the ratio of neutral inductance 
to total inductance, and the allowable voltage rise at the neutral 


are given. From the ratio read vertically to the 



luci, 0 Chart for Determining Required Natural Period 



Ficj. 10—Chart for Determining Required Capacitance 



Fig. 11—ChartJfor Determining Dimensions and Weight of * 

Reactor 


£ n read vertically to current rating, horizontally to time rating, 
then vertically to curves showing dimensions and weights. 

In Fig. 19 of Mr. Palueff *s paper is shown a grounding impedor 
for a bank of three 40,000-kv-a., 220-kv. transformers. This 
unit is entirely self-contained. The only external leads are the 
high-voltage bushing, which is to be connected to the trans¬ 
former neutral, and a grounding terminal, which is to be con¬ 
nected to the station ground bus. 

K. K. Palueff: I wish to answer first Mr. J. H. Hodnette’s 
criticisms on the following points. 

A: “More logical” shape of wave should have been used for 
some of the data given. 

B: Comparison of initial or electrostatic distribution in core 
and shell type transformers. 

C: Maximum voltage to ground produced by traveling wave 
. in a transformer with isolated neutral. 

D: Amplitude and the rate of decay of damped oscillations 
and “average surge.” 

E: Internal voltages produced by damped oscillations. 
F: Experience with graded insulation transformers. 

A: In the paper presented by the author to the Institute in 
January, 1929, considerable space was given to the description of 
the influence of the shape of the incident traveling wave and of 
the natural frequency of the transformer on the magnitude of 
voltages produced in the winding. 

I am glad to see Mr. Hodnette quote this relation without 
challenge. 

In the present paper, as well as in the preceding papers, an 
attempt was made, first to present separately the effect on the 
phenomenon of various factors involved, then to combine them 
in a manner that would represent conditions met in practise, so 
as to be able to draw conclusions of practical interest. For this 
reason very long waves have been applied to the transformer to 
record its free oscillations fully developed and undistorted by the 
shape of the incident wave. After such records are obtained, 
the amplitude and the shape of the voltage wave of any given 
point in the winding, for any shape of the incident wave, can be 
computed with a high degree of precision, as was shown in the 
papers referred to above. 

In the above criticism, Mr. Hodnette refers to Part II of the 
paper. The section entitled “Finite Traveling Wave,” deals 
with the effect of wavelengths found in practise. 

B: The fact that in a shell type transformer the initial or 
electrostatic distribution causes at the line end at least as high a 
concentration of voltage as in a core type transformer, was 
proved by Mr. Hodnette’s and the author’s tests. Those 
interested in this phase of the phenomenon, I should like to refer 
to Mr. Hodnette’s paper and my discussion of it. (A. I. E. E. 
Quarterly Trans., Vol. 49, Jan. 1930, p. 68.) If Curve No. 3, 
Fig. 1 of his present discussion was obtained in the same manner] 
as some of the similar data given in the paper referred to, then it 
is as much in error as were those and for the same reason. More 
than ^ eighteen years of experimenting with high-frequency 
transients, taught us that exceptional care should be exercised in 
all details of the experiment. 

I again suggest that Mr. Hodnette present an analytical proof, 
accompanied by a numerical example, of his statement that shell 
type transformers by virtue of their very wide coils and relatively 
short stack have more uniform initial voltage distribution than 
is found in longer stacks of narrow coils. 


Using the curves of Fig. 10 herewith, the required capacitance 
can bo found when the transformer inductance, neutral induc¬ 
tance, and natural period are given. From the transformer 
inductance L T read vertically to X N , horizontally to natural 
period, then vertically to neutral capacitance C N . 

After the circuit constants have been determined, the weights, 
costs, and dimensions of the apparatus can be determined from 
other curve sheets. Fig. 11 herewith shows such a sheet for 
neutral reactors designed for a given high-potential test. From 


I should like to repeat that it would be of general interest 
should he find it possible to publish data on sphere-gap mea¬ 
surements of impulse voltage between the line terminal and turns 
not only on outside, but also on inside edges of coils. Such a 
test, if properly conducted, gives a truer picture of initial voltage 
distribution. 

C. This question for the solidly grounded transformers was 
also answered very completely in my discussion of Mr. Hod¬ 
nette’s paper just referred to. 
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I pointed out, in that discussion, a very substantial discrep¬ 
ancy existing between Mr. Hodnette’s oscillographic records, 
and the curves plotted from them. 

I have pointed out in a previous paper the simple relation 
existing between the ratio of natural period of oscillation to the 
length of the applied wave and the magnitude of maximum 
voltage produced inside of the transformer winding. This 
relation can also be derived from Fig. 16. For example, with 
natural frequency of 12,500 cycles, the voltage to ground of the 
half of the winding next to neutral produced by a 60 microsecond 
wave will be approximately 70 per cent higher than in a trans¬ 
former whose natural frequency is 3300 cycles. 

The latter frequency is approximately equal to the natural 
frequency of the 25,000-kv-a. transformer referred to by Mr. 
Hodnette in his present discussion. The natural frequency of 
12,500 was found by Mr. Hodnette in some other shell type 
transformer he tested and referred to in the closing discussion 
of his paper. Curve 3 of Fig. 2 of this discussion therefore 
becomes Curve 3 A for the transformer with natural frequency of 
12,500 cycles. (See Fig. 12 of this discussion.) Curve 7 of 
Fig. 7 of the present paper is reproduced as Curve 7 on Fig. 12 
herewith. Curve 3 of Fig. 12 is a reproduction of Curve 3 of 
Fig. 2 of Mr. Hodnette. The natural frequency of transformers, 
of both shell and core type, varies over a wide range (between 
say 2000 and some 40,000 cycles), so that there is bound to be a 



Fig. 12 

difference in voltage produced in various transformers by a given 
wave. Therefore, the agreement between Curve 7 and 3A is 
indeed as satisfactory as could be expected. 

It is Curve 7 and not 3 and 4 of Fig. 7 that represents the 
author's idea of voltages found in practise. Curves 3 and 4 give 
voltage to ground found in transformers when an extremely long 
wave is applied, while Curve 7 is described as “estimated voltage 
found in practise.” 

On this account, in Fig. 2 of this discussion, in place of Curves 
1 and 2, Curve 7 of Fig. 7 should have been reproduced for 
comparison with Mr. Hodnette’s Curve 3. 

More than 95 per cent of total published oscillographic data 
on the shape of the natural lightning wave, referred to by Mr. 
Hodnette, has been obtained by my associates, and I therefore 
had the unusual opportunity of studying these data in the 
original. In spite of this, I am of the opinion that it is too early 
to speak with authority of the length and shape of the most 
dangerous lightning waves that are encountered in practise. 

E: Switching surges above five times normal are on record. 
Some of these records have been obtained by Mr. Hodnette’s 
associates. 

Since most of the records were secured by means of surge 
voltage recorder and klydonograph, the data on the shape of 
the wave are not sufficient to allow anyone to speak with cer¬ 
tainty of the damping factor. 

Mr. Hodnette, in his closing statement, admits that his 


knowledge of switching surge characteristics is not sufficient. 
At the same time he definitely states that I am not justified in 
using a damped oscillation with 25 per cent damping factor for 
Fig. 9, while he considers his tests with damping factor of 40 per 
cent to be representative of the worst conditions found in service. 

It is generally recognized that the corona loss is responsible for 
the high damping factor of voltage transients on overhead lines. 
For this reason, the damping effect reduces with successive cycles 
of the oscillation as the corona loss decreases very rapidly with 
reduction in magnitude of the voltage. Therefore, the damping 
effect becomes very small when the transient voltage is only two 
or three times normal. 

Voltage within winding resonating to a surge increases with 
each successive half cycle. This increase is proportional to the 
amplitude of the respective half cycle of the applied wave. Thus, 
a highly damped surge (decrement 75 per cent) consisting of 
three half cycles of, say, 5, 2.5, and 1.25 times normal (total 
8.75) will produce internal oscillations approximately 20 per 
cent lower than those produced by a damped oscillation con¬ 
sisting of 9 }4 cycles (decrement 36 per cent), with amplitude 
as follows: 2.5, 2, 1.6, 1.3, 1.04, 0.83, 0.67, 0.56, 0.47 times 
normal (total 10.97). 

All investigators, including those associated with Mr. Hod¬ 
nette, agreed that the damped oscillations of two and one-half 
times normal are very common in all systems. 

For these reasons, the rarity of oscillatory transients of ex¬ 
tremely high amplitude, to which Mr. Hodnette attaches so much 
importance, is not important at all, in the case of cumulative 
oscillations. 

From the above it appears that should Mr. Hodnette’s ten¬ 
dency to regard switching surges as of little practical impor¬ 
tance, because they seldom attain extremely high magnitude, be 
made use of in transformer design, a difficulty may arise in 
practise. 

On Fig. 8 of the present paper appears the only cathode ray 
oscillogram of switching surge so far published. It should be 
noted that the damping factor drops after the first cycle from 
50 per cent to 20 per cent, and the oscillation persists for many 
cycles. 

F: It is my conviction that data given in Mr. Hodnette’s 
paper and several papers published by me, as well as my discus¬ 
sion of Mr. Hodnette’s paper, prove conclusively that the use of 
graded major insulation, even in solidly grounded transformers, 
is a hazardous practise. Mr. Hodnette refers to service record 
as being the final proof of suitability of such a design. It is 
difficult to use service records as an argument in a discussion like 
this, because there are no published data on failures of trans¬ 
formers. My knowledge of operating experience with this type 
of transformer is therefore very limited. I understand that in 
Canada, some 220-kv. transformers with graded insulation have 
failed during lightning, in spite of the fact that the line insulation 
adjacent to the transformers was even weaker than the rule of 
coordination of line and transformer insulation calls for. 

I also know that in Germany, at first, graded transformers 
were used in conjunction with the Petersen coil. This practise 
caused so much trouble that it was abandoned. That such 
a practise should cause trouble follows directly from the con¬ 
clusions arrived at in the-present paper. 

I should now like to answer Mr. Vogel’s discussion. He, like 
Mr. Hodnette, wants to see in my use of an extremely long wave 
for some of the test data, a sign that, to my mind, such waves are 
representative of natural lightning waves. As I have explained 
before, this is not true. 

To derive sufficiently general conclusions from tests made with 
a 60-microsecond wave or any other short wave, it is necessary to 
test a great many transformers and perform a very laborious 
calculation. The use of very long waves saves all this time, as it 
simplifies the calculations and tests. 

Mr. Vogel and Mr. Hodnette invite us to approve gradings of 
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major insulation on the ground that one of the three transformers 
they have tested happened to have a natural frequency of about 
3300 cycles, and therefore it gave, under most favorable condi¬ 
tions of single traveling wave excitation, results satisfactory to 
them. It would be of interest to see the results of their tests 
on the two other transformers which Mr. Hodnette mentioned 
in his paper and his closing discussion, particularly on the trans¬ 
former whose natural frequency was 12,500, according to his 
measurements. 

Mr. Vogel speaks of the effect of iron loss and magnetization 
of the core on magnitude of L T . Should he analyze the flux 
distribution produced in the transformer when lightning waves 
simultaneously strike all three transformers of a given bank, 
he would discover that for the period of time that we are in¬ 
terested in, the effect of the iron is absolutely negligible. Condi¬ 
tions under which it is not negligible are stated in the paper on 
page 1186. 

Oscillograms of Fig. 13 and curves of Fig. 14 of the paper were 
obtained, as stated, under the assumption of simultaneous 
excitation of all three transformers of the bank. L T , therefore, 
was measured and calculated. Of course, Mr. Vogel realizes 
that under such conditions the accuracy of calculation is a 
matter of a few per cent, which is ample for the purpose. 

The discrepancy between the amplitude of oscillograms 2A, 
4A, and 5A, as marked on Fig. 13, and position of corresponding 
dots on Fig. 14 is due to error in marking the oscillograms (on 
the advance copies). There is a complete agreement between 
actual maximum amplitude of voltages as recorded by these 
oscillograms, and the dots of Fig. 14. This can be verified by 
scaling the oscillograms of Fig. 13. However, the correctness 
of the law suggested in the paper and demonstrated by Figs. 13 
and 14 is obvious. (The values on Fig. 13 are now correct.) 

The controversy on impulse ratio is too involved to be answered 
here. Mr. Peek’s data shown on Fig. 17 were obtained with 


waves similar to those found in service. Mr. Torok’s data were 
secured with flat top waves which so far were not observed 
in service except of extremely low amplitude. It is hoped that 
in due time different investigators will agree on the interpretation 
of the data secured under different test conditions. 

The neutral impedor may consist of either special resistance 
connected from the neutral to ground (with or without gap) or of 
special resistor and condensor connected in shunt with the 
resistor. The values of the constants and the choice between the 
two types of impedor are determined by the characteristics of 
the transformer and the character of the impedance that it is 
desired to use for the limitation of the short-circuit current. 

As was observed in the paper, the internal high-frequency 
voltages in transformer grounded directly or through a resistance 
of some 500 ohms, is very nearly the same. However, when the 
transformer is struck by a very long traveling wave, ip addition 
to the high-frequency internal oscillation, the entire winding 
begins to rise above ground potential,- as was shown on page 
1184. The conclusions on page 1185 refer to voltages due 
to high-frequency internal oscillations. The conclusions on the 
last page are general, and refer to voltages that can be produced 
by any type of transient mentioned in the paper. They also 
refer to any size of power transformer. There is, therefore, no 
contradiction between the two conclusions. This is illustrated 
by Fig. 10. 

Mr. Hodnette remarked that I am exaggerating the danger of 
the transient voltages, because the average transient voltage 
waves are not as high as those I mentioned. I believe that by 
this remark he emphasized the principal difference between his 
and our attitude toward the problem of transformer design. 
While he proposes to base transformer design on the average or 
the most probable conditions, we believe that conditions that, can 
reasonably be considered the very worst that can be experienced, 
should be the basis for design. 
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Directors’ Meetings.— The Board of Directors held 
seven meetings during the year, five in New York, 
one at Swampscott, Mass., and one at Chicago, Ill. 
The Executive Committee acted upon various matters 
during intervals between Board Meetings. 

Information regarding the more important activities 
of the Institute which have been under consideration 
by the Board of Directors, the committees, and the 
various officers is published each month in the section 
of the Journal devoted to "Institute and Related 
Activities.” 

President’s Visits. —President Smith attended the 
two national conventions and one district meeting held 
since the beginning of his administration. He has. 
visited a large majority of the Sections, also groups of 
members in several centers having no Sections. Mem¬ 
bers of Branches located near Sections have been 
invited to attend the meetings, and in addition he 
visited some of the neighboring Branches. 

The following is a list of places visited in addition to 
many trips to Institute headquarters in New York: 
Winnipeg, Can.; Regina, Sask., Can.;- Vancouver, 
Can.; Seattle, Wash.; Spokane, Wash.; Portland, Ore.; 
San Francisco, Calif.; Santa Monica, Calif. (Pacific 
Coast Convention); Salt Lake City, Utah; Denver, 
Colo.; Omaha, Nebr.; Des Moines, Iowa; Kansas 
City, Mo.; St. Louis, Mo.; Sharon, Pa.; Syracuse, 
N. Y.; Fort Wayne, Ind.; Milwaukee, Wis.; Minne¬ 
apolis, Minn.; Madison, Wis.; Chicago, Ill. (District 
Meeting); Urbana, Ill.; Lafayette, Ind.; Washington, 
D. C. (A. E. C. Meeting); Pittsburgh, Pa.; Buffalo, 
N. Y.; Toledo, Ohio; Erie, Pa.; New York, N. Y. 
(including Winter Convention); Cincinnati, Ohio; 
Louisville, Ky.; Memphis, Tenn.; Oklahoma City, 
Okla.; Dallas, Houston, and San Antonio, Texas; 
Mexico City, Mexico; Havana, Cuba; New Orleans, 
La.; Birmingham, Ala.; Atlanta, Ga.; Raleigh, N. C.; 
Norfolk, Va.; Washington, D. C.; Baltimore, Md.; 
Philadelphia, Pa.; Rochester, N. Y.; Ithaca, N. Y. 

On April 25, he addressed a joint meeting of the 
Boston, Connecticut, Lynn, Pittsfield, Providence, 
Springfield, and Worcester Sections at Worcester. 

President Smith served as one of the Institute's 
representatives at the Fiftieth Anniversary Celebration 
of the American Society of Mechanical Engineers held 
in New York, Hoboken, and Washington in April. 


During May and June, the president will attend the 
Springfield District Meeting, the Summer Convention 
in Toronto, Canada, and will visit several Sections. 

Meetings.— Three national conventions of the Insti¬ 
tute were held during the year: Summer, Pacific Coast, 
and Winter. District meetings under the auspices of 
the Geographical Districts were held in Dallas, Texas, 
District No. 7, in May, and in Chicago, Ill., District 
No. 5, in December, 1929. 

Annual Meeting.— The Annual Business Meeting 
was held at the New Ocean House, Swampscott, Mass., 
on Tuesday morning, June 25,1929, during the annual 
Summer Convention. The Annual Report of the 
Board of Directors for the fiscal year ending April 30, 
1929, was presented, and the Tellers Committee made 
its report upon the election of officers for the adminis- 
strative year beginning August 1,1929. 

Summer Convention. —The forty-fifth annual Sum¬ 
mer Convention was held at Swampscott, Mass., 
June 24-28, 1929. Twenty-six papers were presented 
at five technical sessions, and eighteen technical com¬ 
mittee reports were presented at two additional sessions. 
Other sessions were the Annual Business Meeting 
mentioned above, and one at which an address on 
Astronomy was given by Dr. Harlowe Shapley. The 
Annual Conference of Officers and Delegates, under the 
auspices of the Sections Committee and the Committee 
on Student Branches, was held on Monday, June 24, 
and forty-nine Sections were represented. The enter¬ 
tainment features included golf and tennis tourna¬ 
ments, a dinner, and an all-day trip to Rye Beach, 
N. H. The Lamme Medal, awarded by the Institute, 
and the John Scott Medal, awarded by the Board of 
City Trusts of Philadelphia, were presented to Allan B. 
Field at the dinner. More than 1000 members and 
guests attended the convention. 

Pacific Coast Convention. —The eighteenth Pacific 
Coast Convention was held at Santa Monica, Calif., 
September 3-6, 1929. At four technical sessions, 
eighteen papers were presented. Eleven technical 
papers by students were presented at two additional 
sessions. An illustrated address was given by Dr. 
W. V. Houston on Wednesday evening. The program 
included various social events and trips. The atten¬ 
dance was about 440. 
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Winter Convention.— The eighteenth Winter Con¬ 
vention was held in New York, January 27-31, 1930. 
Fifty technical papers were presented at ten sessions. 
At an evening session, the Edison Medal was presented 
to Professor Charles F, Scott, and a lecture on “Dis¬ 
covery and Excavation at Olynthos” was given fay Dr. 
David M. Robinson. Numerous inspection trips, a 
smoker, and a dinner-dance were held. Attendance 
about 2,000. 

District Meetings.— The first District meeting of 
the year was held at Dallas, Texas, May 7-9, 1929. 
The program included fifteen papers presented at four 
sessions and eleven papers by students presented at two 
other sessions. Attendance about 540. The second 
was held at Chicago, Ill., District No. 5, December 2-4, 
1929. At four of the sessions, nineteen papers were 
presented, and thirteen papers by students were pre¬ 
sented at a fifth session. Attendance about 600. 

World Engineering Congress. —Many members of 
the Institute, including four past-presidents and the 
National Secretary, participated in the World Engineer¬ 
ing Congress in Tokyo, Japan, in October-November, 
1929. The official delegates of the Institute were: 
F. C. Hanker, F. L. Hutchinson, P. M. Lincoln, L. A. 
Osborne, R. F. Schuchardt, Elmer A. Sperry, and 
Charles W. Stone. 

Twenty-six countries were represented at the Con¬ 
gress and about 800 papers were presented. The total 
attendance exceeded 1,000, including .about 500 from 
foreign countries, of whom about one-half were from 
the United States. 

The Tokyo Sectional Meeting of the World Power 
Conference was held concurrently, and about 150 papers 
were presented during its sessions. 

Honorary Members.— Three distinguished Ameri¬ 
can engineers were elected Honorary Members of t he 
Institute , by the Board of Directors on June 25, 1929: 
Herbert Hoover, Charles F. Scott, and Charles F. 
Brush (posthumously). Dr. Motoji Shibusawa, Dean 
of Engineering at Tokyo Imperial University, Japan, 
was elected an Honorary Member by the Board of 
Directors on August 6, 1929. He was installed at a 
special meeting of the Institute held in Tokyo, Novem¬ 
ber 7, 1929, during the World Engineering Congress. 

Sections.— The Sections have, with very -few ex¬ 
ceptions, been active during the year. Many excellent 
technical programs have been presented, and there has 
been a good variety of programs of other types. Con¬ 
siderable attention has been given to the desirability 
of the individual participation of engineers in public 
affairs. 

The New York Section organized four technical 
groups. Communication, Illumination, Power, and 
Transportation, and each held two or more meetings 
during the year, with a total of twelve, in addition to the 
regular Section meetings. The Power Group of the 


Chicago Section held three meetings. The group 
meetings in both cities have been very suc cessf ul 
The Chicago Section and the Western Society of 
Engineers cooperated in arrangingfor two lecture courses 
for practicing engineers who wish to supplement their 
technical education: “Engineering Economics” at 
Armour Institute of Technology and “Recent Develop¬ 
ments in Electron Physics and Chemistry” at the 
University of Chicago. 

Many joint meetings were held with neighboring 
Branches, and the programs were supplied partly or 
entirely by students at twenty-two or more meetings. 
Many Sections held joint meetings with other local 
groups. 

Three meetings were held by the Pittsfield, Schenec¬ 
tady, and Seattle Sections, at which their younger 
members presented papers in competition for prizes. 

Nearly all of the District Executive Committees held 
meetings during the year. 

President Smith has visited a large majority of the 
Sections, and will visit others before the end of the ad¬ 
ministrative year. 

President Smith’s message in the September issue of 
the Journal was devoted to the activities of the 
Sections. 

The Birmingham, Iowa, and North Carolina Sections 
were organized during the year, and all have been active. 
The existence of the Panama Section, which has been 
inactive for several years, was terminated by the Board 
of Directors at its meeting held March 14,1930. 

In April, each Section was supplied with the names 
of its Associates whose dues were to become $15.00 on 
May 1, and it was recommended that each Section 
appoint a small committee to review the names and re¬ 
mind all such Associates who are clearly qualified for the 
higher grades to submit their applications promptly. 

Student Activities.— Nearly all of the Branches 
have been very active during the year both in their 
individual meetings and in cooperative relations with 
other Branches and with Sections. 

Eight of the Districts held Conferences on Student 
Activities. 

Ten Student Conventions were held, six sponsored by 
District Committees on Student Activities, three by 
Sections, and one by a Branch. 

The increased interest of the students has been shown 
by the larger number of talks by them, a greater num¬ 
ber of Branch meetings at which special types of pro¬ 
grams were presented, and a considerable number of 
statements by Branch officers that the student pro- 
p-ams usually produce better' attendance and greater 
interest than do other kinds. 

Meetings of some of the Branches were devoted to 
general discussions on particular subjects (one subject 
per meeting), debates, and mock trials. Students 
supplied the programs at twelve ioint moa tingc with 
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Sections, and parts of the programs at ten or more such 
meetings. 

At its meeting on January 29, 1930, the Board of 
Directors approved the recommendations of a special 
committee that Enrolled Students be permitted to 
enter as Associates without paying the usual entrance 
fee. The necessary Constitutional amendments were, 
submitted to a vote of the membership, and the results 
will be announced at the Annual Business Meeting on 
June23. 

The message of President Sehuchardt in the May 
issue and that of President Smith in the October issue 
of the Journal were directed especially to Branch 
members. 

The Board of Directors authorized the payment of 
traveling expenses at the rate of ten cents per mile one 
way for an annual visit of each Vice-President to each 
Branch within his District. 

As a result of recommendations made the Counselor 
Delegates at the Summer Convention at Swampscott, 
Mass., a set of cards was sent to each Counselor in 
February, giving the names of Enrolled Students of the 
Institute who had been at his institution at the time of 
enrollment, with the names of those who had not paid 
their fees for 1930 on cards of a different color. 

New Branches were organized at Michigan College 
of Mining and Technology, University of New Mexico, 
North Dakota Agricultural College, Pratt Institute, 
Southern Methodist University, and Texas Technologi¬ 
cal College. All of them have been active. 


Section and Branch Statistics.— 




For Fiscal Year Ending 



April 30 
1024 

April 30 
1926 

April 30 
1928 

April 30 
1030 

SECTIONS 





Number of Sections. 

Number of Section meet- 

47 

51 

52 

56 

ings held.. 

381 

405 

431 

480 

Total Attendance. 

58,945 

58,959 

64,276 

84,615 

BRANCHES 





Number of Branches... . 
Number of Branch meet¬ 

77 

86 

96 

106 

ings held. 

530 

714 

915 

1,009 

Total Attendance. 

25,674 

35,270 

44,334 

50,401 


Meetings and Papers Committee. —A major phase 
of the work of the Meetings and Papers Committee 
consisted of arranging the technical sessions of con¬ 
ventions. The Committee has also cooperated with 
Local District Meeting Committees and has assisted 
with the arranging of technical sessions and supplying 
the local committees with lists of technical papers 
available. 

Three national conventions and two District meetings 
were held during the year. The number of papers 
presented and the attendance at each convention or 
meeting are given above under appropriate headings. 


The total attendance for national conventions was 
about 3400. The total attendance for District meet¬ 
ings was about 1150, making a grand total attendance 
of approximately 4550. A total of 146 papers were 
presented, including 18 technical committee reports. 
During the year, over 200 papers were reviewed by 
technical committees; of these 118 were passed on for 
the Transactions. 

Due to (1) the increase of technical subject matter 
submitted for Institute presentation and publication, 
(2) a tendency toward a higher degree of specialization, 
and (3) the President’s call for suggestions, a careful 
study of Institute Policies in regard to Meetings and 
Papers was made in order to determine the best way of 
providing for the above changes and needs. With 
a view toward meeting these needs, the Committee has 
decided to present at the coming Summer Convention 
the Technical Committee Reports by title only and pro¬ 
vide opportunity for their discussion together with the 
discussion on the session on selected subjects. More 
sessions have been arranged in parallel and on Wednes¬ 
day morning three sessions will be in parallel. These 
changes are to be tried at the Summer Convention, in an 
effort to provide a greater outlet for technical subject 
matter submitted for Institute presentation by the 
membership. 

A subcommittee on Technical Program and Publica¬ 
tion Policies was formed to draw up definite recommen¬ 
dations. A report of this subcommittee on "Proposed 
Changes in the A. I. E. E. Policies in Regard to Meet¬ 
ings and Papers,” dated January 30, 1930, was sub¬ 
mitted to the Board of Directors, with a copy to the 
Publication Committee for its information. 

At a meeting held September 20, 1929, a budget for 
the fiscal year beginning October 1st, based on the pro¬ 
posed number of papers, 139, at an estimated expense of 
$23,000, was accepted. The estimate was based on the 
cost of meetings of previous years 1926-1929 and cost 
for the year 1928-1929. 

The reviewing of technical papers and recommending 
of technical papers for publication has comprised 
another important phase of the Committee’s work 
throughtout the year. Furthermore, Committee mem¬ 
bers have assisted the Committee on Award of Institute 
Prizes by recommending papers worthy of final con¬ 
sideration for national prize awards. The Committee 
has rendered other assistance upon request such as 
recommending lecturers to National Convention Com¬ 
mittees and suggesting the names of authors best quali¬ 
fied to prepare papers for special occasions. 

The technical program for the 1930 Toronto Summer 
Convention Program has Seen completed. The pro¬ 
grams for the Pacific Coast Convention and the Middle 
Eastern District Meeting are taking definite form. 
Consideration is also being given to appropriate sub¬ 
jects for the 1931 Winter Convention. 
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Publication Committee.— The question of Insti¬ 
tute Publications has been growing in importance in 
recent years, and it has been the subject of probably 
more discussion than any other activity, particularly 
during the past year. The Publication Committee in 
its endeavor to make this Institute activity as useful as 
possible to all the membership, began about a year ago 
a thorough systematic survey for the purpose of ob¬ 
taining the viewpoints of the members all over the 
country, as to what changes, if any, should be made in 
Institute Publications. This nation-wide survey has 
now been completed, the replies analyzed, and the re¬ 
sults discussed at considerable length at the meeting of 
the Committee held on March 7. 

After studying the results of the survey the Commit¬ 
tee agreed on a general plan which is now being drawn 
up in final form, together with definite recommendations 
for submission to the Board of Directors at the May 
meeting. It is proposed to include in this plan the 
broad general policies only, leaving many of the details 
to be worked out by the Publication Committee in co¬ 
operation with the editorial staff, it being understood 
that some of the details will necessarily be modified 
from time to time. An estimate will also accompany 
the report, showing approximately what the additional 
cost will be to carry out such a plan. 

Since changing the policy of Institute publications is 
a matter of such importance, the Committee suggested 
that before action is taken by the Board, the report be 
presented for discussion at the Conference of Officers, 
Delegates, and Members at the Toronto Convention in 
June. The Board concurred and arrangements have 
been made with the Sections Committee for the inclu¬ 
sion of this discussion in its program. 

Coordination Committee.— The Committee cor¬ 
responded with the officers of all Districts and Sections, 
arid obtained their views regarding national and District 
meetings during the year 1931, resulting in recom¬ 
mendations to and adoption by the Board of Directors, 
in January and March, 1930, of a complete schedule of 
national and District meetings to be held during 1931. 

The Committee has considered the coordination of 
the work of the A. I. E. E. technical committees with 
that of similar committees of other societies, and expects 
to recommend to the Board of Directors the adoption 
of an amendment to Section 82 of the By-laws, which 
states the functions of the technical committees. 

Standards Committee.— During the past year, the 
Standards Committee’s work has been largely con¬ 
fined to the consideration of revisions of e-rigting 
Standards and the development of proposed standards. 
The work of revision has *been carried on generally 
through subcommittees of two of the technical com¬ 
mittees, i. e., the Electrical Machinery Committee and 
the Instruments and Measurements Committee. No 
new Standards have been published, but revisions of six 
existing Standards have been approved and five 


reports on proposed standards have become available. 
The Sectional Committees of the American Standards 
Association, of which the Institute is sponsor or joint 
sponsor, have been active, especially the Sectional 
Committee on Scientific and Engineering Symbols and 
Abbreviations. This committee is rapidly completing 
.the work originally laid out for it, and its accomplish¬ 
ments should prove of great value to industry, particu¬ 
larly to those who deal with publications and drawings. 

The Institute is now sole sponsor for eight projects 
and joint sponsor for fifteen, and is represented on 
thirty-one Sectional Committees which are under the 
sponsorship of other organizations. One development 
of interest has been the agreement reached with the 
National Electrical Manufacturers' Association to 
consolidate under a joint sponsorship of A. I. E. E. and 
N. E. M. A. the Sectional Committees dealing with 
Rotating Electrical Machinery. These projects have 
been making but little progress for several years and 
it is hoped that the new arrangement will not only re¬ 
duce the total number of man-hours required to carry on 
the work, but will also expedite the final approval by 
the electrical industry of several Standards which are 
vital. At a special meeting of the Standards Com¬ 
mittee of January 7, 1930, there was approved, in 
principle, a proposition for the formation of a joint 
agency of the electrical industry for the purpose of 
carrying out the necessary standardization activities of 
that industry. It is contemplated that this agency will 
have three distinct functions: (a) The Standards Com¬ 
mittee of the electrical industry in the United States; 
(b) The Electrical Advisory Committee of the American 
Standards Association; (c) The U. S. National Com¬ 
mittee of the I. E. C., and of any other international 
organizations for the handling of electrical matters. 
The Standards Committee’s recommendations were 
transmitted to the Board of Directors, which approved 
and transmitted them to the present Electrical Advisory 
Committee, where they are now under consideration. 
This project was described more fully in the President’s 
message published in the March, 1930, Journal. 

U. S. National Committee of the I. E. C.— Dur¬ 
ing the past year a number of important meetings of 
advisory committees have been held abroad as follows: 

The Advisory Committee on Nomenclature has held a 
number of meetings throughout the year and the inter¬ 
national vocabulary which is in preparation has been 
advanced very greatly thereby. This work is under the 
direction of Dr. C. O. Mailloux. 

An international subcommittee under the chairman¬ 
ship of Dr. A. E. Kennelly has been considering the ques¬ 
tion of Magnetic Units. This subcommittee was unable 
to find solutions for the questions referred to it; but 
decided to invite and elicit discussions on them, prior 
to the next plenary meeting, among the various national 
committees. In this connection a paper was presented 
by Dr. Kennelly at the Winter Convention of the 
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Institute with the idea of eliciting expressions of opinion 
in this country. It is hoped that some decision on this 
very difficult and contentious matter may be reached at 
the next Plenary Meeting of the Commission. 

The International Advisory Committee on Rating 
of Electrical Machinery met in London on July 10th, 
11th, and 12th and took certain important action in 
regard to dielectric tests and methods of testing; but 
because of lack of time was unable to bring matters to as 
satisfactory a conclusion as was hoped for in the direc¬ 
tion of rating temperature rise. The difficult matter of 
temperature rises was left in the hands of a subcom¬ 
mittee consisting of Messrs. Everest, Kloss, Robinson, 
and Roth. This subcommittee has been actively 
engaged ever since in an endeavor to agree on all points 
which will be acceptable to the Advisory Committee 
when next it meets. The United States was repre¬ 
sented by Dr. A. E. Kennelly, Dr. C. 0. Mailloux, 
Dr. L. T. Robinson, Mr. L. L. Elden, Mr. R. E. Ferris, 
Prof. W. L. Upson, Prof. H. Pender, Mr. A. Wright, and 
Mr. W. W. Lewis. 

At a meeting of the Advisory Committee on Steam 
Turbines held in London from July 1st to July 8th, the 
United States was represented by Prof. W. F. Durand as 
chief delegate and Mr. F. Hodgkinson and Mr. Irving 
E. Moultrop as advisory delegates. Mr. C. B. Le Page 
was present as representing the Secretariat. The 
Advisory Committee brought the specifications and test 
code for Steam Turbines to a point where adoption in 
large part can be anticipated at the Stockholm meeting. 

The Advisory Committee on Aluminum met in 
Berlin on November 6th, the United States being 
represented by Mr. W. C. Binz, Mr. L. Braasch, and 
Dr. C. 0. Mailloux. Among other things a value was 
tentatively agreed to for the conductivity of hard-drawn 
aluminum, which is to be submitted to the forthcoming 
Plenary Meeting. 

The Advisory Committee on Electric Traction Equip¬ 
ment met in London on July 8th and 9th, the United 
States being represented by Mr. R. E. Ferris, official 
delegate, and Dr. A. E. Kennelly, Dr. L. T. Robinson, 
and Prof. W. L. Upson in an advisory capacity. This 
work proceeded in a satisfactory manner. 

The Advisory Committee on Measuring Instruments 
met in Berlin on the 6th and 7th of November, 1929, 
the United States not being represented by any official 
delegate. The Committee made great progress in the 
formulation of a Code for meters of the less accurate or 
Class 2 type. This entire matter will come up for con¬ 
sideration at the Plenary Meeting. 

A Plenary Meeting of the Commission is to be held 
this year in Scandinavia. The preliminary program 
calls for the first assembly in Copenhagen on June 27th, 
departure for Sweden on June 28th, Technical Sessions 
in Stockholm from June 30th to July 5th, arrival at 
Oslo on July 6th, excursions to power plants on July 
7th and 8th, and final Plenary Meeting on July 9th. 
It is expected that the United States will be adequately 


represented at this meeting. Preparations looking 
forward to it have been going on throughout the year 
and have occupied the USNC and its various groups of 
Advisors continuously during this time. 

A joint committee has discussed the proper relation¬ 
ships between the USNC and the American Standards 
Association and a report has been prepared giving a 
basis on which closer and more satisfactory contacts and 
interconnections might be worked out with advantage 
to both bodies. The further discussion of this matter 
has been postponed by mutual consent pending the 
outcome of the recent movement looking to the estab¬ 
lishment of a standardizing committee of the electrical 
industry with which the USNC might, in due course, be 
affiliated or amalgamated. 

U. S. National Committee of the International 
Commission on Illumination. —During the year, 
various matters in connection with the International 
Illumination Congress and Plenary Meeting of the 
International Commission on Illumination held in 
Saranac in September, 1928, were completed. The 
final accounting of funds raised for the purposes of this 
meeting through the Committee of the Illuminating 
Engineering Society showed, a surplus which was dis¬ 
tributed pro rata among the contributors. 

The volume of Proceedings of the Congress and 
Plenary Meeting, amounting to 1443 pages and con¬ 
stituting a very valuable collection of information on 
the art and science of illumination as of to-day, was 
distributed by the Illuminating Engineering Society. 

The National Committee was able to make effective 
use of its contacts with the National Committees which 
constitute the International Commission in connection 
with the celebration of Light’s Golden Jubliee. It was 
desired in this country that other nations should join in 
the observance of this important epoch, and the United 
States National Committee approached the other 
National Committees with information as to what was 
being planned in this country and the suggestion that 
some form of observance adapted to national conditions 
might be desirable in other countries. Following this 
the other National Committees were kept informed of 
the progress and plans in this country. In a number of 
countries, notably Italy, Japan, and the Netherlands 
and, on a less pretentious scale, in France, Austria, 
Germany, and Sweden, effective observances of this 
Jubliee were held. 

The next Plenary Meeting of the Commission is to 
be held in Great Britain in 1932. In connection with 
this, it has been the privilege of the United States 
National Committee to submit to the Central Office and 
to the British National Committee the results of the 
experience gained here in connection with the Saranac 
meeting with a view to giving whatever assistance 
might be given toward making the next, meeting the 
great success which the British Committee is endeavor¬ 
ing to achieve 
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The Committee, as Secretariat for Aviation Lighting, 
has cooperated in a meeting held in London, having as 
its object the unification of practise in order to facilitate 
international flying. Another meeting on this subject 
was held in Berlin in April. 

The Committee has been otherwise engaged in routine 
matters including the exchange of documents and other 
information with other National Committees and in 
preparations looking to effective participation in the 
next Plenary Meeting. 

The International Commission on Illumination has 
recently been accorded a very definite recognition of its 
status in that the International Committee on Weights 
and Measures in requesting of its Advisory Committee 
on Electricity a report on the procedure whereby the 
International Bureau can take over the supervision of 
the matter of an international standard of light gave to 
that Committee definite authority to cooperate with the 
International Commission. on Illumination. At the 
present stage this project is largely in the hands of the 
several national laboratories, but the machinery of the 
International Commission on Illumination gives a 
channel through which the organized interests con¬ 
cerned with illumination can be informed regarding 
developments and can be given an opportunity to mak e 
their influence felt through guidance and stimulation. 

Technical Committees. —Reports of Te chnical 
Committees embracing an outline of the year’s work 
and a summary of progress in the industry will be 
presented at the annual Slimmer Convention and 
printed in the Transactions. 

Membership.— The fundamental duty of the Mem¬ 
bership Committee, as defined by the By-laws, is to 
“bring the advantages of membership to the attention 
of desirable candidates for admission to the Institute.” 
The advantages of membership can be presented to 
them most effectively by carefully selected Section 
Membership Committees. 

In order to appeal to their Section loyalty and thus 
most effectively stimulate the activity of the Section 
Membership Committees, a slight change was made 
this year in the method of carrying out the work of the 
Membership Committee. This change consisted in 
establishing contact of the candidate directly with the 
Section instead of with National Headquarters. This 
was effected by having the names of candidates for¬ 
warded by the suggesting member directly to his own 
Section Membership Committee Chairman instead of to 
National Headquarters. It is believed that the direct 
personal contacts thus locally established have been 
somewhat more successful than the more impersonal 
method formerly employed. 

The additions to, and deductions from, the member¬ 
ship are shown in the following table. In accordance 
with the established policy of the Institute, emphasis 
has continued to be placed on the qualifications of 


candidates. The total membership as of April 30, 
is 18,003. 



Honorary 

Fellow 

Member 

Associate 

Total 

Membership on 






April 30, 1929.. 

3 

687 

3,377 

14,061 

18,133 

Additions: 






Transferred.... 

2 

24 

227 



New Members 






qualified. 

1 

4 

73 

1,139 


Reinstated. 


1 

7 

56 


Total. 

11 

716 

3,684 

15,256 

19,667 

Deductions: 






Died. 

1 

12 

29 

59 


Resigned. 



27 

365 


Transferred.... 


1 

14 

238 


Dropped. 


1 

66 

861 


Membership on 






April 30, 1930.. 

10 

702 

3,558 

13,733 

18,003 


Deaths. —The following deaths have occurred during 
the year. 

Honorary Members: Charles F. Brush, Sebastian 
Ziani de Ferranti. 

Fellows: William S. Andrews, Alfred H. Cowles, 
Edward B. Craft, Walter C. Fish, Arthur H. Ford, 
David L. Huntington, Peter Junkersfeld, Charles S. 
Lawson, John W. Lieb, Walter H. Millan, Thomas E. 
Murray, Harry W. Weller. 

Members: Eugene H. Abadie, Armistead K. Baylor, 
John R. Benton, Henry W. Blake, John J. Barger, 
Wallace W. Briggs, Bedford J. Brown, Sidney Hand 
Browne, Henry A. Coles, John A. Cressey, Frederic 
Cutts, Edmund P. Edwards, William L. Fey, John H. 
Finney, F. A. T. FitzGerald, Ralph W. Goddard, 
Everett D. Hall, Joseph A. Hebert, James T. Hutchings, 
Harry W. Jeannin, Samuel M. Kennedy, Charles B. 
Larzelere, Maurice A. Oudin, Arthur C. Scott, Everett 
H. Smith, Harry L. Tanner, Arthur E. Walden, James 
T. Watson. 

Associates: Charles S. Alien, Isaac M. Beatty, 
Nicholas F. Brady, Charles C. Chatley, Wallace S. 
Clark, Herbert A. Clarke, John L. Curtiss, J. Maurice 
De Vean, Clark E. Diehl, Andrew E. Dobson, William 
D. Forster, N. Govindraj, John H. Graybill, Clarence 
G. Hadley, Fred C. Hamer, Shimpei Hayase, James F. 
Hillock, Tsuyoshi Hirayama, Harold J. Horn, Henry C. 
Houck, Noboru Inouye, Allan F. Jacobson, John M. 
Jolly, Frederick L. Jones, William E. Keily, Fred M. 
Kimball, Charles W. Kincaid, Ralph V. S. Kirkwood, 
Leo R. Lake, Paul Liunge, Calvin 0. Loewenberg, 
Oscar S. Major, Allen M. Manning, Frederick M. 
Martinego, Marshall J. McMuran, Frank R. Mistersky, 
Percy N. Moore, Max G. Newman, Joseph H. Owsley, 
Edward F. Peck, George A. Plank, Ralph W. Pope, 
Francis C. Pratt, J. Lloyd Prince, Robert M. Searle, 
Guido Semenza, Charles A. Tripp, Carl E. Trube, 
Ralph E. Tuttle, Miner H. Valias, Ferdinand Voelker, 
Jr., Roy A. Walker, J. Wallace, Ralph L. Werden, 
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Herbert- B. Whyte, Albert E. Wing, William 0. 
Winston, Jr., Charles T. Wright, John W. Wright. 

Board of Examiners.— The Board of Examiners 
held nine meetings during the past year, averaging 
about three and one-quarter hours. A total of 3796 
cases was considered, divided as shown in the following 


table: 

Applications for Admission 

Recommended for grade of Associate. 989 

Not recommended. 21 1010 

Recommended for grade of Member. 82 

Not recommended. 23 105 

Recommended for grade of Fellow. 5 

Not recommended. 0 5 

Recommended for enrolment as Students... 2406 


Applications for Transfer 

Recommended for grade of Member. 211 

Not recommended. 29 240 

Recommended for grade of Fellow. 28 

Not recommended.. . 2 30 


3796 


Institute Prizes. —Four National Prizes and eleven 
District Prizes for papers were awarded during the year, 
as announced through the Institute Journal. These 
prizes were for papers presented at Institute meetings 
during 1928. The National Prizes were presented at 
the 1929 Summer Convention and the District Prizes 
at various meetings in the respective Districts. The 
National Prizes consist of $100.00 each and a certificate, 
while the District Prizes consist of $25.00 cash and a 
certificate. 

Scholarships. —The governing bodies of Columbia 
University have placed at the disposal of the Institute 
each year a scholarship in electrical engineering for 
each class. The awards are made annually by an 
Institute committee. The scholarships pay $350.00 
toward annual tuition with provision for reappointment. 

Complete details governing prizes and scholarships 
may be obtained by applying to the National Secretary 
of the Institute. 

Edison Medal. —The Edison Medal, founded by 
associates and friends of Thomas A. Edison, is awarded 
annuall y by a committee consisting of twenty-four 
members of the Institute “for meritorious achievement 
in electrical science, electrical engineering, or the 
electrical arts." The medal for 1929 was awarded to 


Professor Charles F. Scott, “for his contributions to 
the science and art of polyphase transmission of 
electrical energy." The medal was presented at the 
Winter Convention of the Institute, January 29,1930. 

John Fritz Medal. —The John Fritz Medal Board 
of Award, which is composed of representatives of the 
national societies of Civil, Mining, Mechanical, and 
Electrical Engineers, awarded the twenty-sixth medal 
to Ralph Modjeski for “notable achievement as an 
engineer of great bridges combining the principles of 
strength and beauty.” The medal was presented by 
the Board of Award at the annual banquet and reception 
of the A. S. C. E., New York, January 15,1930. 

Hoover Medal. —The Hoover Medal, established 
through a trust fund created by the gift of Conrad N. 
Lauer, is to be awarded periodically by a Board of 
Award, composed of representatives of the national 
societies of Civil, Mining, Mechanical, and Electrical 
Engineers, “to a fellow engineer for distinguished public 
service.” The first award was made to President 
Herbert Hoover to commemorate his civic and hu¬ 
manitarian achievements, and the medal was presented 
at the A. S. M. E. Anniversary Dinner in Washington, 
D.C., April 9,1930. 

Lamme Medal. —The Lamme Medal was founded 
as a result of a bequest of the late Benjamin G. Lamme, 
Chief Engineer of the Westinghouse Electric and 
Manufacturing Company, who died on July 8, 1924. 
The bequest provides for the award by the Institute of 
a gold medal (together with a bronze replica thereof) 
annually to a member of the A. I. E. E. “who has shown 
meritorious achievement in the development of elec¬ 
trical apparatus or machinery" and for the award of 
two such medals in some.years if the accumulation from 
the funds warrants. 

The Lamme Medal Committee of the Institute 
awarded the second (1929) Lamme Medal to Rudolf E. 
Hellmund, “for his contributions to the design and 
development of rotating electrical machinery." Ar¬ 
rangements are being made for the presentation of the 
medal at the annual Summer Convention at Toronto, 
Canada, June 23-27,1930. 

Commission of Washington Award. —The Wash¬ 
ington Award for 1930 was made to Dr. Mortimer E. 
Cooley, Dean Emeritus of the Colleges of Engineering 
and Architecture, University of Michigan, "for vision 
and constructive leadership in the education of the 
engineer." 

The award is made annually "to an engineer whose 
work in some special instance, or whose services in 
general have been noteworthy for their merit in pro¬ 
moting the public good,” by a committee composed of 
nine representatives of the Western Society of Engineers 
and two each from the A. S. C. E., the A. I. M. E., the 
A. S. M. E., and the A. I. E. E. 
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Employment Service. —The employment service 
which the Institute has maintained for many years is 
conducted as a cooperative bureau in conjunction with 
a similar service maintained by the National Societies 
of Civil, Mining, and Mechanical Engineers under the 
title, “Engineering Societies Employment Service.” 
In addition to the main office in the Engineering Soci¬ 
eties Building, New York, offices have been opened in 
Chicago in cooperation with the Western Society of 
Engineers and in San Francisco under similar arrange¬ 
ments with the California Section, American Chemical 
Society, and Engineers Club of San Francisco. It is 
hoped to continue this development from year to year 
as conditions warrant. The service is supported by 
the joint contributions of the societies and their in¬ 
dividual members who are benefited. As in the past it 
consists principally in acting as a medium for bringing 
together the employer and the employee. In addition 
to the publication of the Employment Service announce¬ 
ments in the monthly Journal, weekly subscription 
bulletins are issued for those seeking positions. 


specific attention are: Boulder Canyon Dam, Com¬ 
munications Commission, Uniform Government Con¬ 
tracts, Pay Status of Government Employees, National 
Hydraulic Laboratory, Inter-oceanic Canal Commis¬ 
sion, Patent System, Radio Commission, Reforesta¬ 
tion, Topographic Surveys, and Water Resources. 

The Council has continued the publication of a 
quarterly known as the A. E. C. Bulletin. 

Engineering Foundation, Inc. —This organization 
which succeeded United Engineering Society, by change 
of name only, was set up by the four national societies 
of Civil, Mining, Mechanical, and Electrical Engineers 
to hold in trust and to administer for them the Engineer¬ 
ing Societies Building, in which their headquarters are 
located, certain funds, and the Library. Its charter 
gives it broad powers for the advancement of the 
engineering arts and sciences. 

Extracts from the annual financial report of Engi¬ 
neering Foundation, Inc., were published in the March 
1980, Journal. 


American Engineering Council.— Since its organi¬ 
zation nearly ten years ago, American Engineering 
Council has experienced a steady, normal growth. 
It now includes in its membership twenty-four national, 
state, and local engineering societies which have a 
total membership of more than 57,000 professional 
engineers. 

The Council represents its constituents at confer¬ 
ences, conventions, and congressional hearings upon 
matters involving engineering and on important 
national committees. It also extends valuable indi¬ 
vidual service to its member organizations. Several 
notable surveys on matters of concern to the entire 
engineering profession have been conducted. 

The Fourth Conference of Secretaries of Engineering 
Societies, sponsored by the American Engineering 
Council, was held in Chicago, June 6 and 7,1929. 

A standing Committee on Engineering and Allied 
Technical Professions has been organized to enable the 
Council to enter upon an extensive program designed to 
secure information upon and to improve the general 
status of the engineering profession. 

Other standing committees are Constitution and 

Membershi P and Representation, 
Affairs, Publicity and Publications, and Regional 

• T ^ e CounciI . bas nin eteen special committees includ¬ 
ing those on Airports, Bridges, Communications, Flood 
Control Government Reorganization, Patents, Power, 
Radio Broadcasting, Reforestation, Water Resources, 

Approximately 150 bills introduced in the present 
session of Congress have been considered by the Coun¬ 
cil. A few of the important bills which have received 


Engineering Societies Research Board. —This 
Board, a department of Engineering Foundation, Inc. 
is the successor to Engineering Foundation which was 
established in 1914 by the national societies of Civil 
Mining, Mechanical, and Electrical Engineers “for 
the furtherance of research in science and in engineering, 
or for the advancement in any other manner of the 
profession of engineering and the good of mankind.” 
It was conceived by Ambrose Swasey, of Cleveland, 
Ohio, and he has made three gifts toward its endow¬ 
ment. The fund has been generously increased through 
the gifts of Edward D. Adams and others, and also 
through a bequest of the late Henry R. Towne. 

Appropriations have, been made for various research 
projects, and cooperation has been extended in others. 

Engineering Societies Library.— The Library is ad¬ 
ministered as a free public library under the direction of 
the Library Board of Engineering Foundation, Inc., this 
Board being composed of representatives of the national 
societies of Civil, Mining, Mechanical, and Electrical 
Engineers. 

The Library contains about 125,000 books and pam¬ 
phlets, and receives regularly about 1700 technical 
periodicals in 18 languages. 

A staff of technically trained searchers and translators 
is maintained. The staff is prepared to furnish the 
following types of service: photoprints, abstracts, 
translations, bibliographies, searches, etc. Special ar¬ 
rangements have been made for lending books. 

Representatives.— The Institute has continued its 
representation upon various national committees and 
other local and national bodies with which it has been 
affiliated in past years, and has accepted sponsorship 
and appointed representatives upon a number of new 
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Sectional Committees of the American Standards 
Association. A complete list of representatives is pub¬ 
lished frequently in the Journal. 

Finance Committee. —During the year the com¬ 
mittee has held monthly meetings, has passed upon the 


expenditures of the Institute for various purposes, and 
otherwise performed the duties prescribed for it in the 
Constitution and By-laws. 

Haskins & Sells, certified public accountants, have 
audited the books, and their report follows: 


Respectfully submitted for the Board of Directors, 


F. L. HUTCHINSON, 


New York, May 23,1930. 


National Secretary. 
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HASKINS & SELLS 

CERTIFIED PUBLIC ACCOUNTANTS 


OFFICES IN THE PRINCIPAL CITIES OF 
THE UNITED STATES OF AMERICA 
—AMD IN- 

London. Paris. Berlin. Shanghai. 
Manila. Montreal. Havana. 
Mexico City 


CABLE ADDRESS **HASKSELLS f * 


New York Central building 
75 East 45th street 
NEW YORK 


American Institute of Electrical Engineers, 
33 West 39th Street, 

New York. 


May 16,1930. 


Dear Sirs: 

We have audited your accounts for the year ended April 30, 1930, and 
submit the following exhibits and schedule: 

Exhibit 

A—Balance Sheet, April 30, 1930. 

Schedule 1—Reserve Capital Fund—Securities. 

B Summary of Income and Profit and Loss for the Year Ended 
April 30, 1930. 

We Hereby Certify that in our opinion Exhibits A and B set forth 
the financial conditions of the Institute at April 30, 1930, and the results of 
its operations for the year ended that date. 

Yours truly, 

Haskins & Sells 
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AMERICAN INSTITUTE OF ELECTRICAL ENGINEERS 
Exhibit A. Balance Sheet, April 30, 1930 


ASSETS 

Real Estate: 

One-fourth interest in Laud. Building, and Build¬ 
ing Equipment of Engineering Foundation, 
Ine., 25 to 33 West 30th Street (depreciation 
carried on books of Engineering Foundation, 


Inc.)... $493,352.60 

Equipment: 

Library—Volumes and fixtures. $ 41,562.23 

Works of art, paintings, etc. 3,001.35 

Office furniture and fixtures. $30,285.41 

Less reserve for depreciation (in¬ 
cluding $8,031.70 funded). 13.410.85 16,805.56 


Total equipment... 01,429.14 

Working Assets: 

"Transactions,” etc... $ 5,500.00 

Text and cover paper... 3,303.08 

Badges.... 1,430.84 


Total working assets... 10,420.82 

Current Assets: 

Cash. « 0,105.82 

Accounts receivable: 

Mcm 1 icrn—for dues. 20,801,20 

Ad vert isers. 1,570.45 

Miscellaneous. 1,801.75 

Accrued interest on investments... 3,351.82 


Total current assets.. 30,823.10 

Funds: 

Reserve Capital Fund: 

Securities - Schedule 1..... $210,220.88 

Life Membership Fund: 

Cush.. $ 6,837.74 

Chicago, Burlington^' Quincy Rail¬ 
road Company 4% bonds, 1058, 
registered, face value, $5,000.00 4,808.75 

Accrued interest..... 33.33 11.730.82 


International Electrical Congress of 
St. Louis -Library Fund: 


Cush. $ 1,185.30 

New York City 4corporate 
stock, 1057, par value, $2,000.00 2,204.05 

New York Telephone Company 
4*„;% bond, 1930, registered, 

face value, $1,000.00...... 878.75 

Accrued interest.... 07.50 4,335.60 


Muillcmx Fund: 

Cash. $ 2.30 

New York Telephone Company 
4 % bond, 1039, registered, 

face value, $1,000.00... 1,000.00 

Accrued interest... 22.50 1,024.80 


Lamina Medal Fund: 

Cash. $ 267.32 

Baltimore and Ohio Railroad Com¬ 
pany 6% refunding and general 
mortgage series "C M bonds, 1995, 

face value, $4,000.00. 4,330.00 

Accrued interest. 100.00 4,697.32 


Depreciation of Furniture and Fixtures Fund: 

Cash. 9 3,921.79 

Cleveland Union Terminals Com¬ 
pany 5% sinking fund series 
"B" gold bonds, 1973, regis¬ 
tered. face value, $4,000.00.... 4,010.00 

Fidelity Union Title and Mortgage 
Guaranty Company first mort¬ 
gage certificates (on property. 

Nos. 75-79 Prospect Street, East 

Orange, N. J.) 5yZ%, duo 1933. 1.000.00 8,031.79 

Total funds. 240,958.21 


LIABILITIES 


Current Liabilities: 

Accounts payable... $ 11,296.69 

Dues received in advance. 2,740.84 

Entrance fees and dues advanced by applicants 

for membership. 498.50 

Subscriptions for "Transactions" received in 
advance.?. 539.00 


Total current liabilities.. $ 15,075.03 

Fund Reserves (Not Including Depreciation Reserve) : 

Reserve Capital Fund. $210,226.88 

Life Membership Fund. 11,739.82 

International Electrical Congress of St. Louis— 

Library Fund... 4,335.60 

Mailloux Fund. 1,024.80 

Lamme Medal Fund..... 4,697.32 


Total fund reserves (not including depre¬ 
ciation reserve). 232,024. 

Surplus, Per Exhibit "B"... $595,882. 


Total fund reserves (not including depre¬ 
ciation reserve). 232,024. 

Surplus, Per Exhibit "B"... $595,882. 



Total, 


$842,981.87 


Total 


9 9 
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Exhibit B. 
Income: 


REPORT OF BOARD OF DIRECTORS 


Transactions A. I. E. E. 


AMERICAN INSTITUTE OF ELECTRICAL ENGINEERS 

SUMMARY OF INCOME AND PROFIT AND LOSS FOR THE YEAR ENDED APRIL 30, 1930 


Dues .. 

Students’ fees.-. 12,166.00 

Entrance fees. 11,955.00 

Transfer fees. 1,295.00 

Advertising. 88,272.58 

“Journal” subscriptions.;.* , 11,464.11 

“Transactions” subscriptions. 1,141.30 

Miscellaneous sales. 10,363.92 

Badges sold. $ 3,635.50 

Less cost. 3,404.78 230.72 


Interest on securities in reserve capital fund. 10,213.32 

Interest on securities in depreciation reserve fund. 244,16 

Interest on bank balances . 1,655.62 


Total Income—Forward. 

Expenses—Forward . $295,871^37 

Standards. 9,959.01 

American Standards Association. 1,500.00 

International Electrotechnical Commission. 1,453.61 

Engineering Societies Library, maintenance.. , 10,196.56 

Engineering Foundation, Inc., assessment. 5,713.56 

American Engineering Council. 17,596.00 

L635.00 
440.00 
194.26 


Engineering Societies Employment Service. 

Institute prizes. 

Edison Medal Committee. 

United States National Committee of Inter¬ 
national Commission on Illumination. 

Honorary Secretary.,. 


Total. 


$377,252.93 


Total. 


Expenses: 

Publications: 

“Journal”. $87,463.37 

“Transactions”.,. 34,859.65 

Yearbook. 9,328.68 

Miscellaneous. 4,266.50 $135,918.18 


Net Income. 


Institute meetings.. 

Administrative expenses. 

Presidents’ special appropriation. 

Board of Directors, traveling expenses. 

National Nominating Committee, traveling 

expenses. 

Institute representatives, traveling expenses. 


24,625.08 

64,005.19 

3,738.20 

4,643.54 

1,003.35 

132.24 


Total. 


sections. 

Geographical Districts’ expenses: 
Traveling expense: 

Executive Committee. 

Vice-Presidents. 

District best paper prize. 

District prize for initial paper.. 

$ 2,790.00 

895.97 

63.00 

63.00 . 3,811.97 

Gross Surplus for the Year. 

Profit and Loss Charges: 

Uncollectible dues and members charges written 

off. 

Provision for depreciation of furniture and fixtures 

Branches. 

. 12,421.98 

Total. 

Membershio. 

7 40 


Finance. 

. 400 00 

Surplus for the Year 

Code Committee... 


Surplus. May 1. 1929. 

Technical Committees. 

Law Committee. 

- - - . 1 046 16 

Less transferred to Reserve Capital Fund in accor- 

Headquarters Committee.... 


uttu^o YfiKrii resolution oz uuc Jjoarci oi .Directors. 


$377,252.93 


300.00 

2,000.00 


348,382.41 


$ 28,870.52 


Profit and Loss Credits: 

Adjustment of value of library volumes and 

fixtures... $ 109.93 

Unused balance of Winter Convention Fund. 26.70 

Profit on dinner dance. 120.20 

Profit on furniture and fixtures sold—Net. 11.50 

Adjustment of Life Membership Fund Reserve- 
Excess of fund over required amount as deter¬ 
mined by the Institute in accordance with the 
by-laws. 739.92 


1,008.25 


$ 29,878.77 


11,459.30 
$ 18,419.47 


Forward. 


$295,871.37 $377,252.93 


Surplus, April 30, 1930. 

♦Includes $90,665.00 allocated to Journal subscriptions. 


$595,882.42 
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AMERICAN INSTITUTE OF. ELECTRICAL ENGINEERS 
Reserve Capital Fund—Securities 
April 30, 1030 

Emuiiit A. 

Schedule No. 1. 


Face Value Book Value 


Kaii.khad Bonds: 


Baltimore ami Glim Railroad Company entj- 


vertiblc gold Bonds, due 1922, registered. 

Baltimore and Ohio Kailroad Company 6 , ' l ‘ i refund¬ 
ing and general mortgage series "C" bonds, due 

$ Ml,0(H). 00 $ 

9.287 50 


till*, Ut 1 

8,940.00 

Central of Georgia Railway Company refund¬ 

ing and general mortgage writs M B" bonds, due 



t hieygo and Erie Kailroad Company 5% first mort¬ 
gage gold bonds, duo 1982, registered. 

t i,UI III, fill 

1,000. (Ml 

a.wN.t . i j 

1,105,00 

Chicago, Burlington & Quincy Railroad Company 
•V; first and refunding mortgage senes "A" gold 
Bond, line 1971, registered. 

1,000. (Ml 

1,010.00 

Chicago, Terre Haute A, Southeastern Railway Com¬ 
pany 5'T first and refunding mortgage gold Bonds, 
due I960... . .. 

H,000. (Ml 

7.9 10.(Ml 

Florida East (‘oast Railway Company 5% first, and 

refunding mortgage series "A" gold Bonds, diiu 
1971, registered. , . . 

10,000.00 

9,818.75 

Great Northern Railroad Company 5»;% general 
mortgage series “B" gold Bonds, due 1952, 
registered. 

10,000. (HI 

9,847.50 

New York Central Kailroad Company 5% refunding 


and improvement mortgage iserier; *•(*" Bonds, due 
2012, registered... 

6,000.00 

5,742.50 

Pennsylvania Railroad Company 4 general mort¬ 

gage series “A" gold Bonds, flue 1966, registered.. 

5,000.00 

5,120.00 

St, Louis, San Francisco Railway Company 5% prior 
lien mortgage series 4 TJ** Bonds, due 1960, regis¬ 
tered . 

P. Of HI fill 

f. .if 1*7 fin 

Southern Railway Company first consolidated 

mortgage gold Bonds, due 1994, registered. 

ii f wini * ini 

1,000,00 

, Jill 

980.00 


$ 71,000.00 $ 70,682.50 


Face Value Book Value 

Total (Forward). $71,000.00 $ 70,682.50 

Public Utility Bonds: * 


American Telephone and Telegraph Company 
sinking fund gold debentures, due 1060, registered 
Consolidated Gas Company of New York gold 

debentures, due 104a, registered. 

Detroit Edison Company first and refunding mort¬ 

gage series “B” gold bonds, due 1040, registered.. 
Duquesne Light Company 4>£% first mortgage series 

‘'A” gold bonds, due 1067, registered . 

New York Telephone Company 6% gold debenture 

bond, due 1049. 

Northern States Power Company t»}4 v i first lien and 
general mortgage gold bond series "B", due 1950.. 
Pacific Gas it Electric Company fi?4% first and re¬ 
funding mortgage gold bonds series "C", due 1952, 

registered. 

Philadelphia Company secured 5% gold bond series 

* 4 A”, due 1967. 

Shawinigan Water and Power Company first mort¬ 
gage ami collateral trust sinking fund gold bond 

series “A" 4**%, due 1967... 

United Lighl and Power Company ft*4% first lien 
and eonsoli lated mortgage gold bond, due 1959.. 

Total. 


$ 15,(UK). 00$ 

14,625.00 

5.000.00 

5,187.50 

5.000.00 

5,178.13 

2,000.00 

2,970.00 

5,000.00 

5,525.00 

10,000.00 

10,400.00 

5,000.00 

5,127.50 

10,000.00 

10,000.00 

5,000. (M) 

4,581.25 

5,000.00 

4,975.00 

$ 68,000.00$ 68,579.28 


Industrial Bunds: 


American Smelting and Refining Company 5% first 
mortgage gold bonds series “A, M clue 1947, 

registered.$ 9,000.00 $ 9,085.00 

Bethlehem Steel Company 5% purchase money and 
improvement mortgage sinking fund gold bonds, 

duo 1920, registered. 5,000.00 5,022.75 

Fidelity Union Title and Mortgage Guaranty Com¬ 
pany first mortgage certificates (on property Nos. 

75-79 Prospect Street, East Orange, N. J.i 5i-j%, 


14,000.00 14,000.00 


due 1922. 

New York Steam Corporation 6% first mortgage gold 

bonds, due 19*17, registered. 10,000.00 10,827.50 

^United States Rubber Company 5% first and refund¬ 
ing mortgage series “A” bonds, clue 1947, registered 2,000.00 1,915.00 

Western Electric Company 5% debenture bonds, 

due 1944, registered. 10,000.00 9,818.75 

Youngstown Sheet and Tube Company first mort¬ 
gage sinking fund gold bonds series “A" 5%, due * 

1978, registered-.*.*. 20,000.00 20,275.00 


Total.$ 70,000.00 $ 70,965.00 


$209,000.00 $210,226.88 


Total (Forward) 


Total 
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